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(54) Methods of fabricating integrated, aligned tunneling tip pairs 

(57) Self-aligned, opposed, nanometer dimension 
tips (12 ( 22) are fabricated in pairs, one of each pair 
being located on a movable (24) single crystal beam, 
with the beam being movable in three dimensions with 
respect to a substrate (18) carrying the other tip (12) of 
a pair. Motion of one tip with respect to the other is con- 
trolled or sensed by transducers (120, 122, 124, 126) 
formed on the supporting beams (62, 64). Spring 
means (76, 80, 86, 88) in each beam allow axial motion 
of the beam. The tips (12, 22) and beams (62, 64) are 
fabricated from single crystal silicon substrate (18) and 
the tips (12, 22) may be electrically isolated from the 
substrate (18) by fabricating insulating segments (40, 
54) in the beam structure. 
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Description 

Background of the Invention 

[0001] This is a continuation-in-part of U.S. Applica- 
tion Serial No. 07/699,390, filed May 14, 1991, and enti- 
tled "Integrated scanning Probe". 
[0002] The present invention relates, in general, to a 
unique microstructure and to fabrication techniques for 
such structures, and more particularly relates to self- 
aligned nanometer sized probe tips and methods for 
fabricating such tips. Still more particularly, the present 
invention relates to techniques for fabricating stacked, 
aligned integrated tunneling tips for use in sensors and 
analytical instruments based on movable, self-aligned, 
finely pointed tip pairs. Such pairs are formed on single 
crystal, polycrystalline, or amorphous silicon beams 
and are fully integratable with electronic circuits on a sil- 
icon chip. 

[0003] Scanning-probe microscopes are instruments 
which provide precise surface measurements through 
the use of a probe positioned in very close proximity to 
the surface of interest. The probe scans the surface in a 
controlled fashion to provide information related to the 
nature of the surface, including its topography and its 
chemical and electronic structure. Highly resolved spa- 
tial measurements of characteristics such as electron 
energy states, magnetic field strengths and directions, 
thermal conductivity and response, and interatomic 
forces can be made with high resolution at or near 
atomic levels. Many versions of such devices utilize a 
movable pointed tip that can be precisely positioned in 
three dimensions. 

[0004] One of the principle applications of scanning 
probe microscopy takes advantage of the spatial selec- 
tivity of electron tunneling, using a scanning probe as 
the aperture of the microscope. Such a device, known 
as a scanning tunneling microscope (STM) does not 
use an external source of radiation to illuminate a sam- 
ple under study, but instead uses electrons already 
present on the surface of the sample and on a finely- 
pointed tip mounted on the movable probe. Since the 
device is not limited by the wavelength of a radiation 
source, its resolution is based on a near-field "aperture" 
that is a single atom in diameter at the tip of the scan- 
ning probe. 

[0005] The scanning tunneling microscope operates 
to position an extremely sharp probe tip within a few 
atomic diameters of a surface io be studied. The STM 
provides a bias voltage between the tip and sample so 
that a flow of electrons occurs, with the electrons tun- 
neling from filled states in the surface to empty states in 
the tip (or vice versa). The tunneling current is meas- 
ured at multiple points across the surface of the sample, 
and since the current varies in accordance with the dis- 
tance between the tip and the surface, this current can 
be used to control tip height above the surface so that 
the tunneling current remains constant Variations in the 



control signais for positioning the probe and for main- 
taining this tip height provide a measure of the surface 
configuration. In addition, since the tunneling current is 
also a function of the applied tip-to-sample voltage, var- 

5 iation of the bias voltage over a controlled range permits 
the STM to provide spectroscopic data about the sam- 
ple. The problem of creating an extremely sharp probe 
tip has been solved in the past by, for example, sharpen- 
ing a fine wire of tungsten, platinum, or platinum-iridium 

w by cutting, grinding or etching techniques. The tip is 
positioned with respect to the surface under study, typi- 
cally by means of a coarse positioning mechanism 
which may include a micrometer or similar mechanical 
mechanism and a fine positioning mechanism which 

is may include the use of piezoelectric material. Such 
arrangements have enabled the STM tip to be posi- 
tioned to within fractions of an Angstrom from a surface, 
thereby enabling the tip to be used to locate small 
amounts of material, or even individual atoms, in a sur- 

20 face. 

[0006] Since the magnitude of the tunneling current 
between a probe tip and a surface is exponentially 
dependent on the distance between the too, a decrease 
of one Angstrom in this distance would produce a ten- 

25 fold increase in the tunneling current. Such large 
increases permit the use of a constant-current method 
of maintaining a constant distance between the scan- 
ning tip and the sample surface, and thus provide pre- 
cise sensing and control of the spatial position of the tip. 

30 This precise control is the basis for a large number of 
tunneling devices and systems in the prior art. Descrip- 
tions of scanning tunneling microscopes are found in 
"Vacuum Tunneling: A New Technique for Microscopy" 
by Calvin F. Quate, Physics Today. August 1986, pages 

35 26 through 33; in "Scanned -Probe Microscopes" by H. 
Kumar Wickramasinghe, Scientific American. Oct. 
1989, pages 98 to 105; and in U.S. Patent No. 
4,912,822 to Zdeblick et al, issued April 3, 1990. 
[0007] A continuing problem in such devices is the 

40 provision of accurate sensing of the distance between a 
tip and a surface to be sensed, and in providing rapid 
and accurate feedback to move the tip to prevent con- 
tact between the tip and the surface. This requires a low 
mass mounting for the tip so that even minute feedback 

45 signals will be sufficient to effect motion of the tip to 
allow rapid scanning of a surface. Further, to be useful 
in microelectronics, the device needs to be not only 
small, but should be of a material which enables it to be 
integral with the electronic control circuits which regu- 

50 late its motion and which detect the tunneling current. 
Preferably, the scanning-tunneling device is of silicon so 
that it can be integrated on a silicon chip. 
[0008] Prior devices which have relied on piezoelectric 
transducers for tracking surface contours and for scan- 

55 ning the tip have required that suitable piezoelectric 
devices be mounted on the tip or on its support. This 
has required the additional fabrication step of providing 
piezoelectric materials on the tip support, making fabri- 



2 



3 



EP0 907 076 A2 



4 



cation of the device more complex and more difficult. 
Furthermore, this additional material affects the mass of 
the scanning-tunneling device and thus its resonant fre- 
quency, thereby limiting control of the motion of the 
device, and thus limiting its range of operation. 5 
[0009] Prior scanning-tunneling devices have 
mounted the tip adjacent to a surface to be scanned, 
where the surface is mounted for motion in the X-Y 
plane, with the tip being movable in the vertical, or Z- 
direction to prevent contact between the tip and the pla- 
nar surface. In order to provide a high degree of control 
of such motion, it has been found necessary to con- 
struct such devices so that they are relatively stiff. How- 
ever, such stiffness not only places limits on the motion 
of the tip, but also reduces its response to forces such 
as vibration or acceleration so that the device is less 
capable of measuring these parameters with high sen- 
sitivity. Furthermore, the proximity of the tip to a horizon- 
tally extending planar surface does not provide a clearly 
defined reference point for the detection of relative 
motion, thus further limiting the use of these devices as 
sensors. 

Summary of the Invention 

[001 0] It is, therefore, an object of the present inven- 
tion to provide improved scanning probes having 
nanometer-scale tips for use in a wide range of struc- 
tures such as analytical instruments. 
[001 1 ] It is another object of the invention to fabricate 
scanning nanometer-scale tunneling tips from single 
crystal silicon for integration with circuit chips. 
[0012] Another object of the invention is to fabricate 
opposed, self-aligned probe tips, one of which serves 
as reference and the other of which is relatively movable 
with respect to the reference. 
[001 3] A still further object of the invention is to fabri- 
cate mechanical systems integrally on a chip to utilize 
nanometer-scale motion in sensors and related instru- 
ments. 

[0014] Another object of the invention is to provide 
nanometer-scale devices integrally formed from single 
crystal silicon and incorporated with silicon chip struc- 
tures for response to energy sources such as sound, 
light, mechanical motion, molecular content of ambient 
materials, and the like. 

[0015] A further object of the invention is to provide 
methods of fabricating opposed, self-aligned probe tips 
at nanometer scale which are integral with silicon chips. 
[0016] A still further object of the invention is to pro- 
vide methods of fabricating stacked, aligned tunneling 
probe tips at nanometer scale, the tips being formed in 
pairs or in pairs combined with a protruding single tip. 
[0017] Briefly, the present invention is directed to 
improved scanning-tunneling structures, devices and 
instruments which overcome the shortcomings found in 
prior devices, and to unique processes for fabricating 
such devices. Accordingly, the present invention pro- 



vides novel tip structures for providing increased sensi- 
tivity for various instruments such as atomic force 
microscopes and scanning-tunneling sensor devices, 
and which may be used in measuring various mechani- 
cal, electrical or chemical parameters. The invention 
also provides a unique mounting structure for scanning- 
tunneling tips which permits both the detection of and 
the control of tip motion and which provides unique 
stacked-tip structures. In addition, the invention pro- 
vides novel techniques for fabricating such tips and the 
movable beams on which such tips may be mounted. 
[0018] In accordance with the invention, the high res- 
olution and excellent patterning capability of integrated 
circuit microfabrication processes are applied to the fab- 
rication of micro-mechanical tunneling devices in sys- 
tems to provide ultra-small, low-mass sensors having 
high natural frequencies with excellent tolerance to low 
noise perturbations. The microfabrication techniques of 
the present invention utilize, in the preferred embodi- 
ments, the selective oxidation of single crystal silicon to 
obtain electrically and thermally isolated, released, sin- 
gle crystal silicon structures such as beams and 
islands, and to obtain nanometer-scale self-aligned tips 
carried by such beams or islands. Other materials, such 
as silicon oxide and silicon nitride, may also be used to 
provide isolation and support for such tips and for their 
supporting beams. The processes of the invention pro- 
duce self-aligned tips having conical or wedge shapes 
in either horizontal or vertical pairs or stacks on movable 
beams. These beams are separated from the underly- 
ing substrate, as by selectively removing supporting 
material, to provide cantilevered and insulated struc- 
tures which permit relative three-dimensional move- 
ment of tips in the aligned pairs. 
[0019] The fabrication process of the present inven- 
tion begins with a structure consisting, for example, of 
an island which is isolated from an underlying substrate 
by selective lateral oxidation. This oxidation process, 
which preferably is carried out in a single crystal silicon 
substrate, is described in the article entitled "Formation 
of Submicron Silicon-on-Insulator Structures by Lateral 
Oxidation of Substrate-Silicon Islands", Journal of Vac- 
uum Science Technology B6(1), January/February 
1988, pages .341 to 345, by S.C. Arney et al, and pro- 
duces islands of silicon supported by a thermal oxide, 
which in turn is carried by a substrate silicon. The proc- 
ess begins with the definition of, for example, 250nm- 
wide islands, or mesas, in a substrate material such as 
single crystal silicon. The islands are of the same mate- 
rial as the substrate and are supported on the top sub- 
strate surface. The islands are capped on the top and 
side walls with a silicon nitride oxidation mask. The 
structure is then isotropically or anisotropically recess 
etched around the bottom of the mask to narrow the 
bases of the islands, and the bases are thermally oxi- 
dized in a lateral direction to produce isolated islands. 
The degree of isolation of each remaining island is tai- 
lored by controlling the lateral oxidation of the material 



15 



20 



25 



30 



35 



40 



45 



50 



3 



5 



EP 0 907 076 A2 



6 



connecting the island to the underlying substrate. By 
controlling this lateral oxidation, the substrate material 
at the bases of th islands is selectively oxidized until 
tapered filaments of the substrate material 10 to 100 nm 
in width are formed between the islands and the under- 
lying substrata By further oxidation, these filaments can 
be eliminated at the narrowest parts of the tapered con- 
nections, leaving upper and lower self-aligned, opposed 
tips having ends which taper to the diameter of the con- 
necting filament, or less, thus producing nanometer- 
range dimensions at the ends of the tips. 
[0020] In accordance with the present invention, the 
patterning and etching of the substrate to produce the 
islands can also be used to produce a beam on which 
one of the self-aligned, opposed tips is located, with the 
other tip being located on the underlying substrate. By 
selectively removing oxidized material from around the 
tips and around portions of the beam structure, the 
beam can be mechanically released to permit it to move 
with respect to the substrate to thereby provide relative 
motion between the two opposed self -aligned tips. In 
accordance with the invention, this opposed tip struc- 
ture can be used in microscopic versions of analytical 
instruments which are fully integrated with electronic cir- 
cuits on a semiconductor chip. Such instruments 
include unique sensors and emitters incorporating the 
self-aligned opposed tips of the invention and utilize 
electronic circuits on the same chip which carries the 
tips and which can detect, for example, the relative posi- 
tion of one tip with respect to the other, can determine 
the composition of coatings formed on the tips or the 
composition of materials absorbed by the tips, and can 
measure various other parameters by detecting and 
measuring the tunneling currents, the capacitance, 
and/or field emissions between the tips. 
[0021] In its simplest form, the invention includes a 
single beam carrying one of an opposed, aligned pair of 
tips and mounted as a cantilever with an elongated axis 
extending over a stationary surface on which the sec- 
ond of the opposed pair of tips is located. The distance 
between the two tips can be measured by the current 
flow between the tips, for example, and lateral or vertical 
motion of the beam-mounted tip with respect to the sta- 
tionary tip can be easily detected, as by measuring 
changes in the current flow between the tips, to provide 
a sensitive indication of tip position or motion. If desired, 
a second, separate cantilever beam can be mounted 
with its longitudinal axis at an angle to the axis of the 
first beam so that the lateral and vertical motion of the 
two beams in combination effectively allows vibration or 
other motion in any direction to be detected. Multiple 
self-aligned tips can be mounted on the cantilever 
beams and on the adjacent surface, if desired, to pro- 
vide a broader range of measurements, and additional 
beams as well as stacked tips can be provided, as well. 
[0022] The cross-sectional shapes of the opposed tips 
depend upon the shapes of the islands from which they 
are formed and upon the precise control of the etching 



and oxidation steps used to form them. Accordingly, the 
tips may be generally conical in shape, may be wedge- 
shaped, may be pyramidal, or may have other cross- 
sectional shapes. Aligned, opposed conical tips gener- 

5 ally will be coaxial when fabricated, and may be in any 
orientation on a substrata Generally, conical tips will be 
aligned on an axis perpendicular to the surface of the 
underlying substrate, but the axis may be parallel to that 
surface, or at some intermediate angle or other orienta- 

w tion, if desired. Wedge-shaped tips generally are elon- 
gated and taper to a fine line, with opposed, aligned 
wedge-shaped tips being coplanar. Such wedge- 
shaped tips usually are aligned in a plane perpendicular 
to the surface of the underlying substrate, but that plane 

75 can be parallel to the substrate or at some intermediate 
angle or other orientation, if desired. Plural pairs of 
coaxial or coplanar tips may be said to be stacked. 
[0023] In the following description, vertically aligned 
tips are those which are coaxial or coplanar. Such tips 

20 may be illustrated herein as aligned along a vertical axis 
or plane, i.e., on an axis or plane perpendicular to the 
horizontal surface of the underlying substrate, for con- 
venience of description, but it will be understood that 
such aligned tips may be at any desired orientation with 

25 respect to the underlying substrate. It will further be 
understood that plural tips may be fabricated along a 
common axis either in opposed pairs or in such pairs in 
combination with single aligned tips Such tips will herein 
be referred to as stacked tips or stacked pairs of tips. 

30 [0024] The beam or beams which support the tips may 
be formed, through the same patterning and etching 
techniques used to form the tips, to incorporate mount- 
ing springs which permit axial as well as lateral motion 
of the one or more beams with respect to an adjacent 

35 substrate, base, or support structure. In addition, the 
beams may be formed to incorporate capacitive or mag- 
netic drive structures which may be energized by suita- 
ble potential differences or magnetic fields to produce 
motion in the beams. In addition, piezoelectric films may 

40 be incorporated on the beams. 

[0025] In a preferred form of the invention, a pair of 
coplanar linear beams may be mounted so as to inter- 
sect each other, preferably at right angles, with the 
beams being connected to each other at their intersec- 
ts tion to form an X-shaped tip support in the plane defined 
by the beams. The beams are mounted by means of 
axial springs so that each beam is movable axially and 
laterally within a horizontal plane defined by the beams, 
and so the intersection is movable in a direction perpen- 

so dicular to that plane. The springs not only allow motion 
of the beams, but hold them in place with respect to 
their supporting structure. One tip of a self-aligned tip 
pair is formed at the intersection of the beams to detect 
the relative motion of the beams with respect to a sec- 

55 ond of the self-aligned tip pair, the second tip being 
mounted in alignment with the first tip. In accordance 
with the invention, the second tip may be formed on a 
planar surface adjacent to the beams so that it is sta- 
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tionary, or may be mounted on a cantilever beam or a 
second pair of crossed beams also forming an X- 
shaped tip support. Such a second pair of crossed 
beams may also be mounted by means of springs so as 
to lie in a plane parallel to the plane of the first pair of 5 
intersecting beams, with each X-shaped tip support 
being movable in X and Y directions in its own plane and 
in a Z direction perpendicular to the X-Y planes. The 
planes of the two tip supports, whether the second sup- 
port is stationary or is a movable second beam or pair of 
beams, are parallel to each other and closely spaced, 
with the tips being serf-aligned. Each pair of beams in 
the linear crossed-beam configuration preferably carries 
corresponding capacitive drive structures for controlling 
and sensing the motion of the respective beams, and 
thus of the tips which they support in the X-Y (horizon- 
tal) plane, and may also incorporate similar drive struc- 
tures for controlling or sensing motion in the Z (vertical) 
direction. In a preferred form of the invention, the hori- 
zontal capacitive drive consists of movable "comb"- 
shaped capacitors mounted on each end of each beam 
between the respective springs and the support struc- 
ture for the beam. The springs serve as a mechanical 
bias to produce restoring forces when the beams are 
moved by energization of the drive capacitors. In addi- 
tion, opposed capacitive plates may be provided on the 
beams and on adjacent structures for controlling and 
sensing vertical motion. Such a structure permits pre- 
cise and accurate control and/or measurement of the 
relative motion between opposed aligned tips to allow a 
wide variety of microscopic and analytical measure- 
ments. Such a device may occupy an area of silicon 
approximately 40 (am x 20 |im, including the actuators 
and springs, can easily be incorporated in an integrated 
circuit device, and can produce a displacement of 400 
nm at the tips. A conventional piezoelectric device, on 
the other hand, requires a device 2 mm in length to pro- 
duce the same displacement. 
[0026] The "comb" drive structure utilizes interdigi- 
tated plates which are parallel to the axis of the support- 
ing beam on which it is mounted. This arrangement has 
the advantage of producing a drive force that is constant 
with displacement, and can accommodate a large axial 
motion in the beam. However, the comb structure does 
not allow very much lateral motion, so it presents diffi- 
culties for the two-dimensional motion in the X-Y plane 
needed for many sensor and instrument applications. 
Accordingly, in another form of the invention, the self- 
aligned, opposed tips are formed at the intersection of a 
pair of crossed offset beams, wherein each beam is 
formed of two opposed, generally L-shaped beam seg- 
ments, with corresponding legs of the segments being 
interconnected by a tip support leg to form the beam. 
The intersection of the tip support legs of the two beams 
forms an X-shaped tip support which carries one of a 
pair of opposed, self-aligned tips, with the other of the 
pair being formed on the underlying substrate, for exam- 
ple. Capacitive plates are formed on the sides of each of 



the beam segments to move the segments laterally, with 
the resilience of th material from which the beams are 
formed and the length of the beams serving to provide 
the spring action required for proper control of the 
motion of the X-shaped tip support This arrangement 
eliminates the need to form axial springs in the support 
beams, as is required with linear beams, although such 
springs can also be incorporated, if desired. 
[0027] The support beams and the self-aligned tips 
are formed, in accordance with a preferred form of the 
invention, by first patterning a substrate, such as a sin- 
gle crystal wafer, to define an upstanding island, or 
mesa, having in the top plan view the shape or pattern 
of the desired support beam or beams, support springs, 
drive capacitors, and the like. The island is masked, 
etched, and oxidized to isolate selected top portions of 
the island from the supporting substrate to define an 
isolated beam or other structure, the oxidizing step at 
the same time forming at one or more selected locations 
opposed upper and lower tip structures which extend 
between separated top part of the island, i.e., the beam, 
and underlying substrate. The oxide between the beam 
and the substrate is then removed at selected locations 
to physically separate the beam from the substrate, so 
that the beam is movable, and so that the tip carried by 
the beam is movable with respect to its opposed tip on 
the substrate. 

[0028] The beam preferably is located within a recess 
which is formed in the substrate during fabrication of the 
beam. One end of the beam is fixedly mounted, as on a 
vertical wall of the recess, on a pedestal formed in the 
recess, or on some other support structure within the 
recess, with a movable portion extending horizontally 
away from the support and spaced above the floor of the 
recess. The fixed end of the beam may be supported in 
part by the oxide formed between the beam and the 
substrate, with most of that oxide being removed to free 
the movable end of the beam. An oxidation step may be 
used to electrically insulate selected parts of the beam 
and its tip from its support structure, and electrical leads 
may be provided over the insulation to connect the tips 
to suitable electrical circuits formed in the beam itself or 
in the surrounding substrate. Other insulating materials 
such as silicon nitride may also be used to provide elec- 
trical isolation of the tips. In addition, tips may be formed 
on the tops of the beams, through appropriate modifica- 
tion of the fabrication process, and stacked pairs of tips 
and support beams can be formed. 
[0029] The device of the present invention is fabri- 
cated, in one form of the invention, on a highly arsenic 
doped silicon wafer substrate (100) with a bulk resistiv- 
ity of 0.005 ohn-cm or less. A dielectric stack comprised 
of both oxide and nitride is deposited on the top surface 
of the wafer to serve as the top mask for later silicon 
trench etching and isolation oxidation. Designed pat- 
terns are transferred to the dielectric stack using high 
resolution electron-beam lithography and anisotropic 
reactive ion etching (RIE) in a CHF 3 chemistry. Sub- 
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strate silicon is then etched using RIE in a CI 2 /BCI 3 
chemistry to form silicon trenches of desired depths 
which define upstanding islands on the substrate. A 
sidewall oxidation mask is formed by depositing a sec- 
ond stack comprised of both oxide and nitride; this die- 5 
lectric stack is then anisotropics! ly etched back using a 
CHF 3 RIE process, leaving only the sidewall portion of 
the second dielectric stack intact. A silicon recess etch 
is performed to permit a higher lateral oxidation rate. A 
high temperature oxidation follows, to thereby define sil- 
icon beams that are electrically isolated from the sub- 
strate. Note that, by selectively stripping portions of the 
oxidation mask before the oxidation, mechanically 
attached silicon beams can be electrically isolated from 
one another to allow each segment to be individually 
addressable. 

[0030] Following the oxidation, contact windows are 
opened by selectively etching the top dielectric stack 
using a CHF 3 RIE process. The metallization step is 
completed with an aluminum lift-off using a tri-layer 
process that involves a thick layer of polyirmde planariz- 
ing the silicon islands. The field oxide is then selectively 
removed using a buffered HF solution; this releases the 
silicon/dielectric beams and leaves them free to move 
over the substrate silicon wafer surface. 
[0031 ] Variations in the foregoing structures and proc- 
esses will produce devices having a wide range of utility 
for the opposed tip structure of the invention. For exam- 
ple, one of the tips may be used for lithographic align- 
ment of a feature with respect to the other tip. The 
movable beam tip support structure can be used, in 
another example, to move a pointed silicon tip with 
respect to a surface to function as a scanning tunneling 
microscope. Alternatively, one of the tips of an opposed 
pair can be removed from its support structure to form 
an aperture and the remaining tips can be moved with 
respect to the aperture to function as an electron micro- 
scope cathode. In this latter embodiment, the aperture 
may be used to produce a high electric field at the 
remaining tip, so that the tip will emit electrons which 
then pass through the aperture. 
[0032] In other embodiments, the silicon tips can be 
reoxidized to form insulated tips for atomic force micro- 
scopes or can be conformally coated with metal such as 
CVD tungsten to produce metal tips. The tips can also 
be used to absorb ambient materials for spectroscopic 
studies, and are available for a wide variety of other 
functions. 

[0033] Although the invention in its preferred form 
includes a pair of vertically stacked, self-aligned 
opposed tips, with the top one of the pair facing down- 
wardly toward an upwardly-facing bottom tip, the 
present fabrication process can also be used to provide 
single tips, vertically stacked multiple pairs of tips, or 
pairs in combination, with an upwardly-facing, or pro- 
truding, last tip on the top of the stack. Such sets of ver- 
tically-stacked probe tip pairs can be fabricated by a 
sidewall patterning technique which permits opening of 



independent windows in the sidewall nitride carried by 
the silicon islands prior to the selective lateral isolation 
oxidation step. The upwardly protruding last tip may be 
fabricated either by removing the upper tip of a pair, to 
reveal the lower tip, or by patterning of the sidewall 
nitride prior to the selective lateral isolation oxidation 
step so as to allow oxidation of the top portion of the 
island. 

[0034] The process of the present invention can be 
used to fabricate not only self-aligned pairs and stacked 
pairs of generally conical tips, but self-aligned pairs and 
stacked pairs of wedge-like tips. Structures which incor- 
porate multiple self-aligned tip structures may be fabri- 
cated wherein tips are formed at spaced locations to 
provide, for example, coarse and fine measurements of 
relative motion. Furthermore, since the tip structures of 
the invention are formed in silicon, the same substrate 
in which the devices are produced can also be used in 
the formation of integrated electronic devices and cir- 
cuits, these circuits can be electrically connected to 
capacitors formed on the beams and connected to the 
movable tip structures to provide drive signals for 
motion in X, Y and Z directions and to provide amplrf iers 
for sensing and amplifying signals derived from current 
flowing between the opposed tips. The beams can be 
shaped and sized to produce the desired amount of 
sensitivity or stiffness to permit a wide range of sensing 
functions, and a variety of transducers, such as capaci- 
tors, thin film piezoelectric material, and the like, can be 
used to sense and to control the motion of the tips. 
[0035] Although the movable beams are illustrated as 
being mounted as cantilevers on the walls of recesses 
formed in the supporting substrate, it will be understood 
that other support structures can be provided. For 
example, the beams may be mounted on pedestals on 
the substrate which may be spaced from the recess 
walls and which may be the same material as the sub- 
strate or may be an oxide formed during the fabrication 
process. Further, the beams need not be horizontal, 
and need not be parallel to an underlying substrate 
floor, but may be formed at any desired orientation. The 
tips or wedges may be horizontally aligned or vertically 
aligned, as illustrated herein, but it will be understood 
that this is for simplicity of description, and that the axis 
of alignment of opposed tips may be at any desired ori- 
entation. 

[0036] Although various arrangements of single and 
stacked tips are possible, it is in general preferred that at 
least one tip of a stack, or assembly, be stationary rela- 
tive to the remaining tips to serve as benchmark, or ref- 
erence point, for detecting and measuring motion or 
other parameters. The use of an upstanding tip extend- 
ing above a surrounding surface is particularly useful as 
such a benchmark, not only because it is easy to locate 
with an opposed tip, but because it permits the use of 
capacittve, field emission and/or tunnelling effects for 
the measurement of a wide range of parameters. A lat- 
eral tip pair may be similarly configured with one mobile 
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and one fixed tip, the fixed tip serving as a benchmark 
and permitting the use of capacitive, field emission 
and/or tunnelling effects. 

Brief Description of the Drawings 

[0037] The foregoing, and additional objects, features 
and advantages of the present invention will become 
apparent to those of skill in the art from the following 
detailed descriptions of preferred embodiments thereof, 
taken in conjunction with the accompanying drawings, 
in which: 

Figs. 1 and 1A are perspective views of a cantilev- 
ered beam incorporating serf-aligned nanometer- 
sized conical tips in accordance with the present 
invention; 

Fig. 2 illustrates, in tabular form, the process steps 
used to form the various cross-sections of a struc- 
ture fabricated in accordance with the present 
invention; 

Fig. 3 is a top plan view of a structure incorporating 
linear tip support beams fabricated in accordance 
with the process of Fig. 2; 
Fig. 4 is a perspective view of the structure of Fig. 3; 
Fig. 5 is a perspective view of a pair of opposed, 
self-aligned wedge-like tips formed in accordance 
with the present invention; 
Fig. 6 is a side elevational view of a tip structure 
modified to incorporate a MOSFET device; 
Fig. 7 is a perspective view of an island structure 
with a protective mask for forming horizontal self- 
aligned wedge-like tips in accordance with the proc- 
ess of the present invention; 
Fig. 8 is a cross-sectional view of the structure of 
Fig. 7; 

Fig. 9 is a perspective view of horizontal self- 
aligned wedge-like tips formed from the structure of 
Fig. 7; 

Fig. 10 illustrates, in tabular form, a preferred proc- 
ess for forming self-aligned multiple, vertically 
stacked tips, which may be wedge-shaped conical 
tips formed in pairs; 

Fig. 1 1 illustrates, in tabular form, an alternate to 
the method of Fig. 10, wherein the uppermost tip is 
a single tip; 

Fig. 12 illustrates, in tabular form, another process 

for fabricating multiple vertically stacked tips, 

wherein the uppermost tip is a single tip; 

Figs. 1 3 and 1 3A illustrate, in tabular form, still other 

processes for fabricating multiple vertically stacked 

tips; 

Fig. 14 is a top plan view of a structure incorporat- 
ing offset tip support beams fabricated in accord- 
ance with the present invention; 
Fig. 15 is a diagrammatic illustration of a beam 
structure formed using variety of construction tech- 
niques for a beam capable of carrying multiple tips; 



Fig. 16 illustrates, in tabular form, the process steps 
for the beam of Fig. 12; 

Fig. 17 is a diagrammatic illustration of a structure 
for producing Z-axis motion; 

5 Fig. 18 is a diagrammatic illustration of a tip struc- 
ture usable in a scanning electron microscope; 
Fig. 19 is a diagrammatic illustration of a tip struc- 
ture usable in an atomic force microscope; 
Fig. 20 illustrates the use of a horizontal tip struc- 

10 ture as a motion sensor; 

Fig. 21 is a partial perspective view of a structure 
formed in accordance with the processes of Figs. 
12or13A; 

Fig. 22 illustrates, in tabular form, a process for fab- 
15 ricating horizontal self-aligned opposed tips; and 
Fig. 23 is a perspective view of a pair of opposed 
tips formed in accordance with the method of Fig. 
22. 

20 Description of Preferred Embodiments 

[0038] An example of a self-aligned, dual tip structure 
for analytical instruments in accordance with the 
present invention is generally indicated at 10 in Fig. 1 , to 

25 which reference is now made. As there shown, a first, 
generally conical tip 12 is formed on a horizontal planar 
floor 14 of a recess 16 formed in a surrounding sub- 
strate material 18 carried on a base 20. The substrate 
18 and the tip 12 are integrally formed from the same 

30 material, which preferably is a single crystal silicon, 
polycrystaltine silicon, or amorphous silicon. The sub- 
strate may be a membrane, but preferably is mounted 
on base 20, which may be an insulating wafer, by bond- 
ing, zone melting, recrystallization or the like. The tip 12 

35 is fully integrated into the substrate material 18; that is, 
it is formed as a part of the crystalline substrate rather 
than being added on to it, and is fabricated during the 
formation of other components of the device, as will be 
explained. 

40 [0039] Positioned above and aligned with tip 12 is a 
second, opposed, generically conical tip 22, preferably 
also formed from the single crystal silicon material of 
the substrate 18 at the same time that tip 12 is fabri- 
cated. This tip 22 preferably is mounted for relative 

45 motion with respect to tip 12, as by means of a canti- 
lever beam 24 mounted on a stationary support such as 
wall portion 26 of recess 16 and extending outwardly 
from the wall into the recess. The beam extends over 
and is parallel to the floor 14 of the recess, in the illus- 

50 trated embodiment, and is formed to have some flexibil- 
ity so that it can move with respect to tip 1 2, the selected 
degree of flexibility depending upon the application to 
which the tip structure is to be placed. If the device is to 
be sensitive to acceleration or vibration, for example, 

55 then the beam 24 would have a high degree of flexibility 
to permit relative motion of the beam with respect to the 
benchmark provided by stationary tip 12 in response to 
such mechanical forces. 



7 



13 



EP 0 907 076 A2 



14 



[0040] A greater degree of stiffness would be provided 
for beam 24 to prevent relative motion between tips 12 
and 22 in those cases where the tip is to be used, for 
example, for chemical spectroscopy. In the latter case, 
the absorption of a material into the tips 12 and 22 or 
the coating of the tips by a material in the ambient 
atmosphere surrounding the tips provides a measure of 
that material, and the current flow or changes in the cur- 
rent between the two tips is a measure of quantities 
such as the chemical composition of the material 
absorbed or coated. In this circumstance, it is desired 
that the current flow between the tips not be affected by 
relative movement thereof, but instead only by the 
changing chemical composition of the tip surfaces. 
[0041] Since beam 24 is formed of a conductive or 
semiconductive material, it may be electrically insulated 
from the substrate 18 as by means of an insulating sec- 
tion 30 formed in the beam. A suitable connector 32 
such as an aluminum conductor may then be provided 
between the conductive portion of the beam and a con- 
nector pad 34 located on an insulating layer 35 formed 
on the surface of the substrate 1 8, as diagrammatically 
illustrated in Fig. 1. This permits electrical connection 
between the tip 22 and electrical circuitry diagrammati- 
cally illustrated at 36, which may be formed elsewhere 
on the substrate 18. Such circuitry, which may be as 
simple as a current detector, for example, can be rou- 
tinely fabricated on silicon wafers by well-known tech- 
niques. Such circuitry may be used to measure changes 
in current flow, capacitance, field emissions and the like 
between the tips 12 and 22, which changes may be a 
function of material coated on or absorbed by the tips, 
or may be a function of the spacing between the tips. If 
the beam 24 is sufficiently flexible, acceleration or vibra- 
tional forces imposed on the beam at an angle to its axis 
37 will cause the tip 22 to move slightly out of alignment 
with the tip 12, or to move vertically toward or away from 
tip 12, thereby changing the current llow therebetween, 
and such a change can be related to the degree of 
motion, and thus to the imposed acceleration or vibra- 
tional forces. 

[0042] As will be more fully explained below, in addi- 
tion to, or instead of, simply measuring the changes in 
current flow between the tips of the device of Fig. 1, 
transducers for controlling the motion of the beam 24 
and tip 22 with respect to the tip 12, or for sensing such 
motion, can be provided. Such transducers preferably 
include capacitive plates mounted on the movable 
beam and on the stationary side or bottom walls of the 
recess 16 or on a top wall if one is provided over the 
beam to enclose the recess, for producing relative 
motion between the tips. Electrostatic forces are applied 
to the capacitor plates as by applying a high frequency 
alternating voltage across opposed plates to produce 
corresponding relative motion between the movable tip 
22 and the stationary tip 12. The voltage across such 
capacitive plates is also responsive to any motion of 
beam 24 in response to external forces which produce a 



variation in the spacing between or the alignment of the 
plates, for such a change in spacing varies th lectro- 
static charge across the capacitive plates. This change 
in the electrostatic charge can provide a direct measure 

s of such motion. In practice, the beam may be vibrated at 
a high frequency, with any small changes in the motion 
of the beam being detectable by measuring variations in 
the charge across the plates. 
[0043] As an alternate to the capacitive plates, the 

10 beam can be moved, or its motion detected, by means 
of a magnetic film formed as a coating 38 on one or 
more surfaces of beam 24 and responsive to magnetic 
fields generated by nearby inductors. The beam can 
also be moved, or its motion detected, by a piezoelectric 

is film at 38 on one or more surfaces of the beam. Suitable 
electrodes (not shown) connected to the piezoelectric 
film provide the required energization. 
[0044] Although the tips 12 and 22 are shown and 
described herein as being vertically aligned, it will be 

20 understood that they can be horizontally aligned or in 
any other aligned orientation. If relative motion is to be 
sensed, then it is preferred that one of the tips be 
mounted on a movable support such as the beam 24, 
while the other is mounted on a stationary support, such 

25 as the base 20, although both can be mounted on mov- 
able supports. Furthermore, although conical tips are 
illustrated in Fig. 1 , it will be understood that elongated, 
wedge-shaped tips with opposed edges being mounted 
opposite to and aligned with each other may be pro- 

30 vided, as will be more fully explained below. 

[0045] As is known in scanning tunneling microscopy 
(STM), the conical tip 22, and in accordance with the 
present invention, the conical tip 12, both taper to 
extremely fine, nanometer-scale dimensions, ideally 

35 with each tip terminating in a single atom. In known 
STM devices, the end of tip 22 would be positioned 
within a few Angstroms or less of a surface to be 
detected. However, in the present invention the terminal 
end of tip 22 is positioned within a few Angstroms of the 

40 opposed terminal end of the self-aligned tip 12. The 
close proximity of the terminal ends of these tips allows 
electrons to tunnel between them upon application of a 
slight bias voltage. Although the tunneling current is 
very small, typically on the order of picoamperes, it is 

45 measurable, since the value of this tunneling current 
changes exponentially when the tip to tip distance var- 
ies by a small amount: for example, a change of one 
Angstrom in the gap between the tips will change the 
tunneling current by an order of magnitude. 

so [0046] The cone-shaped tips 12 and 22 are axially 
aligned in their nominal, or rest, positions; in the embod- 
iment of Fig. 1 , tip 12 is stationary and extends upwardly 
from surface 14 to serve as a benchmark, and tip 22 is 
mounted on relatively movable beam 24. The beam has 

55 a longitudinal axis 37, and its cantilever mounting allows 
motion in any direction perpendicular to that axis. Any 
such motion changes the nominal distance between the 
opposed terminal ends of the tips 12 and 22, and thus 
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changes the length of the tunneling path and varies the 
tunneling current, as discussed above. Measurement of 
this current provid s a measure of the mechanical 
motion of the beam 24. Because of the conical shapes 
of the tips and the fact that tip 1 2 is upstanding from sur- 5 
face 14, even lateral motion of the beam in directions 
parallel to the surface 14 will produce a measurable var- 
iation in the tunneling current, thereby permitting meas- 
urement of horizontal motion. 

[0047] The provision of a benchmark tip extending 10 
above the surrounding surface facilitates the location of 
the upper movable tip, for the two tips effectively act as 
the opposite plates of a capacitor By measuring the 
variations in capacitance, the upper and lower tips can 
be precisely aligned and then the movable tip can be is 
moved close to the stationary tip to precisely position 
the movable tip above the surface at the desired loca- 
tion. Then the tip can be moved from side to side in the 
region of the benchmark to obtain a very accurate 
measure of the surrounding surface. 20 
[0048] Instead of operating the tips as a capacitor, it is 
also possible to operate than in a field emission mode to 
provide precise location of one with respect to the other. 
In this case, a potential is applied across the tips, and 
the resulting field can be measured precisely to allow 25 
alignment and positioning of the movable tip with 
respect to the benchmark. When the tips are very close 
together, tunnelling of electrons between the opposed 
tips can be used for the same purposes. 
[0049] In the absence of tip 12, however, the measure- 30 
ment of motion parallel to the surface 14 is dependent 
on variations in the topography of the surface, and this 
is harder to detect and may not be measurable if the dis- 
tance between tip 22 and the surface remains constant. 
Thus, the aligned dual tip structure of the present inven- 35 
tion provides a significant advantage over prior single tip 
structures. 

[0050] Fig. 1 A is a modification of the embodiment of 
Fig. 1 , wherein similar parts are similarly numbered. In 
this illustration, however, the cantilever beam 24 is not 40 
mounted on the wall 26 of recess 16, but instead is sup- 
ported in cantilever fashion on a pedestal 30' which is 
unitarily formed on the floor surface 14 of the recess. 
The fixed end of the cantilever 24 is stationary, with the 
beam extending outwardly from the pedestal in a direc- 45 
tion generally parallel to floor 14 of the recess 16. The 
pedestal preferably is fabricated in the course of forming 
the beam, and thus is unitary with the wafer 18. 
Although the pedestal may be silicon, if desired, it is 
preferred that it be of an electrically insulating material so 
such as silicon dioxide, formed at the same time in the 
fabrication sequence as is the insulation 30 in the 
device of Fig. 1 . The pedestal structure provides great 
freedom in locating the arm 24 within the recess 16, and 
thus may be preferred in some embodiments of the 55 
invention. 

[0051 ] The beam 24 detects motion in horizontal, ver- 
tical, and intermediate directions perpendicular to its 



axis. By providing a second cantilevered beam (not 
shown) similar to beam 24 but having its axis perpendic- 
ular to the axis of beam 24, motion in three dimensions 
can be detected; however, this would require two pairs 
of opposed, self-aligned tips, one on each beam. An 
alternative method of detecting three-dimensional 
motion using just one aligned pair of tips is illustrated in 
Fig. 3, and involves the provision of intersecting, spring- 
mounted beams. The spring mountings for the inter- 
secting beams, which preferably are perpendicular to 
each other, effectively permit motion of one tip not only 
laterally with respect to one of its mounting beams, but 
axially along that beam, and by using crossed beams 
which are both mounted for three-dimensional motion, 
the tip is not only capable of detecting motion in any 
direction, but can be controlled to precisely position one 
tip with respect to the other for measurements of a wide 
range of parameters. The mounting for three-dimen- 
sional motion is of particular value in detecting and 
measuring vibrations and other mechanical motions, for 
the extreme sensitivity of tunneling currents to changes 
in distance between the tips in the structure of the 
present invention provides a highly precise instrument 
for such measurements. 

[0052] In addition, the data provided by changes in the 
tunneling current flow between opposed tips provides 
information on the filled and unfilled electron energy 
states of the opposed tips. This data reveals information 
about the chemical composition of these tips and about 
molecular bonding as well as electronic and magnetic 
states within the tips, their crystalline structure and 
other characteristics so that the opposed tips of the 
present invention can be used as a tool for spectros- 
copy. Such measurements are accomplished by pre- 
cisely varying the bias voltage and/or the tip-to-tip 
distance to provide two related types of spectroscopic 
measurements: 1) current versus voltage and 2) current 
versus distance. Current versus voltage spectroscopy is 
carried out by maintaining the gap between the tips con- 
stant and measuring the tunneling current, while vary- 
ing the bias voltage in discrete steps. Current versus 
distance spectroscopy is performed by holding the bias 
voltage constant and measuring the tunneling current, 
while varying the gap between the tips in discrete steps. 
From this information, data on the chemical composition 
of the surface of the tips, the composition of material 
absorbed by the tips, the crystalline structure, the bond- 
ing of the surface material, and the like, can be 
obtained. 

[0053] A preferred method of forming the opposed, 
integral, self-aligned tips 12 and 22 of Figs. 1 and 1A is 
illustrated in Fig. 2 in the sequence of steps shown 
under the heading "Cross Section 
1-1' ". This sequence refers to a sectional view of the 
structure of Fig. 1 taken along line 1-1' of the beam 24. 
The method illustrated in Fig. 2 is related to the "isolated 
islands of substrate silicon by selective lateral oxidation" 
(ISLO) technique which is described in the Journal of 
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Vacuum Science Technology article identified above. 
The process of fabricating silicon-on-insulator struc- 
tures is used in this technique because an isolated 
island can be formed from high quality, single crystal 
substrate silicon through the use of a high quality ther- 5 
mally grown silicon oxide insulator. In general, the 
method utilizes a top surface and side wall surface sili- 
con nitride mask to protect the top part of an island from 
oxidation while the bottom of the island is oxidized in 
such a manner that the substrate silicon forming the 10 
island is undercut by the oxidation. This oxidation elec- 
trically isolates the top of the island from the substrate, 
to form an isolated beam spaced above the substrate 
and supported by oxide. The ISLO process produces a 
structure in which self-aligned pointed tips are formed 15 
between the resulting upper silicon island portion, or 
beam, and the lower silicon substrate when the under- 
cutting oxidation fronts come together to isolate the 
island from its silicon connection to the substrate. The 
free end 39 of the beam (Fig. 1) is shaped to have an 20 
enlarged profile (as viewed from the top), which may be 
any desired shape. Because the undercutting oxide 
moves at the same rate at all locations along the length 
of the beam 24, the oxide will undercut the beam com- 
pletely so that the beam will be mechanically released 25 
from the substrate, while permitting formation of 
opposed tips at the center of the enlarged portion. 
[0054] As illustrated in Fig. 2, the starting substrate 
preferably is an arsenic-doped, n** type, less than or 
equal to 0.005 ohm-centimeter, (100) silicon wafer 18 30 
on which is coated a suitable dielectric layer 40 which 
includes silicon nitride. For example, the layer 40 may 
be an oxide-1/-nitride-1/oxide-2(30/100/300nm) dielec- 
tric stack covering the top of the island which is to be 
formed during oxidation. The relative thicknesses of the 35 
layers may vary; however, it is important that the layer 
40 includes nitride as an oxidation mask. The dielectric 
stack is then patterned at step 1 by Mask #1 using, for 
example, trilevel resist, direct-write electron beam 
lithography and an aluminum lift off, to form mask 42 in 40 
the desired shape (top view) of the beam 24. Thereafter, 
the dielectric layer 40 is etched around the mask 42 by 
reactive ion etching (RIE) in a CHF3 chemistry without 
erosion of the aluminum mask 42 and this mask is then 
further used to transfer the pattern into the silicon 18 45 
during a subsequent trench etch (step 2). A CI 2 /BCI 3 
chemistry consumes the aluminum layer 42 but leaves 
the top surface oxidation mask formed in layer 40 virtu- 
ally intact, as illustrated in step 2 of cross section 1 -V in 
Fig. 2. The trench etch produces a cavity in the sub- so 
strate surrounding an upstanding island, or mesa, of sil- 
icon and having a side wall 44 which may be, for 
example, 500 nm or more deep. The remaining island, 
generally indicated at 45, has a shape which is defined 
by mask 42 and the corresponding oxidation mask 55 
formed by the top surface layer 40. 
[0055] The silicon wafer 1 8 is then completely coated 
with a second dielectric layer including silicon nitride, 



and this layer is then anisotropically etched to clear the 
bottom wall 46 of the trench s and the top surface 47 of 
layer 40, as indicated in step 3 of the cross section 1-1'. 
The second dielectric (nitride) layer remains on the side 
wall 44 of the island, as illustrated by nitride layer 48. 
The thick oxide layer 40 on the top of the island insures 
that the part of the second dielectric layer which was 
deposited on the horizontal surfaces, such as on the 
surfaces 46 and 47, can be over-etched to expose the 
silicon substrate 18 in the trench around the island 45, 
without eroding the nitride masking layer 40, as illus- 
trated in step 3 of Fig. 2. 

[0056] As illustrated in step 4 of cross section 1-1 \ an 
isotropic recess etch is next performed to etch the sur- 
face 46 of the silicon layer 18 to thereby produce a 
recess 50 in the sides of the island 45 beneath the 
nitride 48 on the side walls of the island. The purpose of 
this recess is to encourage lateral oxidation of the island 
45 beneath the region protected by nitride layer 48 dur- 
ing the oxidation step to be described. As illustrated, 
this etching step reduces the width W of the island in the 
region of the recess 50. 

[0057] It should be noted at this point that the island 
45 may have any desired shape in its top plan view, and 
thus may be rectangular, round, square, or configured in 
any desired way, depending upon the desired shape 
and dimensions required for the support beam 24 and 
the tips 12 and 22. If conical tips are desired, the island 
preferably will be round in top plan view in the region 
where the tips are to be formed, as illustrated at 39 in 
Fig. 1 , while if wedge-shaped tips are desired the island 
would be an elongated rectangle in top plan view. In any 
case, the side wall 44 of the island is protected by the 
side layer 48, and the recess 50 is formed beneath the 
layer 48 to extend completely around the island, the 
recess being circular in the case of a circular island and 
being linear and extending along each edge of the 
island in the case of a rectangular island, for example. 
[0058] Step 5 of the process illustrated in Fig. 2 is a 
selective stripping of the dielectric layer 40 from the 
island 45 to permit selective oxidation of parts of the 
island for the purpose of providing electrical isolation of 
the remainder of the island. This is not illustrated at the 
cross-section 1 -1 *, since that is the location of the tips 
12 and 22, but such oxidation may be provided at other 
parts of the beam structure 24, as will be set forth in 
greater detail below. Such a selective stripping of por- 
tions of the dielectric layer at step 5 is carried out by 
means of mask number 2 used in this process. 
[0059] Thereafter, oxidation of the exposed silicon 
material 18 is carried out to form a silicon dioxide layer 
54, as illustrated in step 6. The oxidation extends later- 
ally into the recess 50, thereby reaching under the part 
of island 45 protected by layer 48. As the oxidation proc- 
ess proceeds, it forms layer 54 on surface 46 and in 
recess 50. The oxide pushes the lower edge of the layer 
48 outwardly, as illustrated at 56 in step 6 of Fig. 2, as 
the oxidation process proceeds. At any given time, the 
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oxidation proceeds at a substantially constant rate at all 
points in the silicon material, but the rate falls paraboli- 
cally with time as the process continues. The deeper the 
recess 50, the more quickly the top part of island 45 will 
be undercut and isolated from substrate 18 by the oxi- 5 
dation process. 

[0060] The isotropic etching of the recess 50 in step 4 
produces a rounded profile for the recess, as illustrated 
in steps 4 and 5, and this profile is preferred since it 
gives sharper tips upon completion of the oxidation 10 
step. However, the profile of the etched recess can be 
varied, if desired, to control the curvature of the tip sur- 
faces and the sharpness of the opposed tips. Alterna- 
tively, the different oxidation rates which occur at 
different planes of the crystal structure of the silicon can 15 
be used to tailor the curvature and sharpness of the tips 
produced by this process. 

[0061 ] The width W of the island (or its diameter in the 
case of a round island) in the region of the recess 50, 
illustrated in steps 4 and 5 of cross section 1-1*. domi- 20 
nates the undercutting process since during oxidation 
the laterally growing oxidation fronts approach each 
other at the same rate at a given time, whether the 
island is wide or narrow. Thus, it is the shape of the 
island, together with the length of time the island is sub- 25 
jected to the oxidation step which determines which 
parts of the island will be undercut, whether the island 
will be completely undercut in any location, and if com- 
pletely undercut, the dimension of the gap between the 
remaining top part of the island and the substrate. If a 30 
plurality of beams and tips are made at the same time, 
the parts of the beams to be undercut, and the gaps for 
each pair of tips is determined during the first masking 
step, by the selection of the size (width or diameter) of 
the island portion corresponding to each pair of tips, for 35 
this will control the degree of undercut for a given time 
period of isotropic etching and for a given time period of 
oxidation. The process thus may produce islands or 
parts of islands which are totally undercut, which are 
partially undercut, which form tips which are closely or 40 
widely spaced or, in extreme cases, islands which are 
nearly consumed by the oxidation, all during the same 
time period, and in this way the isolation of the support- 
ing beams and the gaps formed by the oxidation proc- 
ess on different beams and tips can be controlled by 45 
controlling the sizes and shapes of the corresponding 
islands. 

[0062] At the completion of the oxidation, selected 
portions of the dielectric iayer 40 again are stripped, in 
step 7, by means of mask number 3 for the purpose of so 
providing electrical contacts on parts of the structure. At 
the cross section 1-V, the dielectric layer 40 remains 
intact, but at other sections of the structure, such as 
along the beam 24, the dielectric material may be 
removed to permit formation of an electrical contact. 55 
Such contacts are formed in step 8 by the deposition of 
a conductive layer of material in the patterned locations 
previously stripped of dielectric material for this pur- 



pose. Again, this is not illustrated at the cross section 1- 
1* in Fig. 2, since no electrical contact is to be made at 
that location. 

[0063] The final step (step 9 in Fig. 2) is the release of 
selected structures formed by the oxidation process. 
This is accomplished by stripping away the oxide layer 
54 in selected locations, as determined by Mask #5. 
The oxide may be retained in some areas such as in the 
area of the pedestal 30' in the device of Fig. 1 A, to serve 
as a support for portions of the structure, but wherever 
relative motion is desired, as at the tips 12 and 22 illus- 
trated at step 9, and the adjacent areas of the support- 
ing beam, the oxide is removed. This removal of the 
oxide leaves a gap between the isolated island structure 
and the underlying substrate to release the support 
beam 24, and in particular leaves a gap 58 between the 
terminal ends of the axially aligned tips. The length of 
the gap along the tip axis depends on process parame- 
ters, but in any event preferably is sufficiently small to 
permit tunneling currents, field emissions, and/or 
capacitive currents between the opposed tips. Through 
careful control of the etching and oxidation steps, as 
described above, the tips are provided with sharp termi- 
nal ends opposing each other across gap 58. The top 
part of island 45 is released along a selected portion of 
its length so that island 45 forms a movable cantilever 
beam 24 above the floor 14. If desired, the tips may be 
coated, for example by selective CVD metallization, 
after the removal of oxide layer 54. 
[0064] Beam 24 is produced by the same process as 
described above for the tips 12 and 22, and this process 
is illustrated in Fig. 2 for cross-section 2-2' of Fig. 1. 
Accordingly, at step 1 for section 2-2', the silicon wafer 
18 is coated with dielectric layers which are then pat- 
terned by mask No. 1 to produce mask 42, as described 
with respect to cross-section 1-V. The pattern of mask 
42 is then transferred by an RIE step through the dielec- 
tric layer 40 and into the silicon substrate 1 8 to form 
island 45 (step 2). The wafer is coated with a second 
dielectric material which is then anisotropically etched 
back, leaving only the side wall layers 48 intact, as illus- 
trated in Fig. 2 at step 3 for cross-section 2-2' of the 
beam 24. 

[0065] As illustrated in step 4, an isotropic recess etch 
is next performed to produce recess 50, and thereafter, 
at step 6, selective lateral oxidation of silicon is used to 
fully isolate the island 45 from the substrate. Since no 
tips are to be formed at this location, the width of the 
island has been made sufficiently narrow (by means of 
mask 42) to insure complete oxidation across its width 
and thus to insure complete isolation and separation of 
the upper part of the island 45. At step 7, selected por- 
tions of the dielectric layer 40 may be stripped for elec- 
trical contact purposes through the use of mask No. 3 
and thereafter, at step 8, a conductive layer of material 
may be deposited and patterned to form electrical con- 
tacts using mask No. 4. These particular steps are not 
performed at cross-section 2-2', but may be performed 
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at other locations along the beam, as will be described 
hereinbelow. Thereafter, as indicated at step No. 9, 
mask No. 5 may be used to strip selected portions of the 
oxide layer 54 through isotropic etching, to mechanically 
release the beam 24, leaving it free for motion with 5 
respect to the floor 14. 

[0066] As indicated above, the cantilever beam 24 of 
Fig. 1 , which is formed by the process illustrated in Fig- 
ure 2 is movable in the horizontal plane parallel to the 
floor 14 and is movable vertically with respect to the 
floor; i.e., it is movable in directions perpendicular to the 
axis 37 of the cantilever beam. However, in the structure 
of Fig. 1 , the beam 24 is not movable axially. As a result, 
the device can detect and measure vibration and other 
mechanical motions having components in directions 
perpendicular to the axis, but not along axis 37. To 
detect motion along that axis, a second, independent 
cantilever beam may be formed from the substrate 18, 
with the axis of the second cantilever being perpendicu- 
lar to axis 37 and preferably also extending parallel to 
floor 14. The two cantilever beams preferably have the 
same structure, and both include opposed self-aligned 
tips so that together they will permit detection of motion 
in their common plane (the X-Y plane), and both will 
provide a measurement of motion in a direction perpen- 
dicular to the X-Y plane (the Z direction). Because the 
terminal ends of the tips 12 and 22 are extremely small, 
the cantilevers are capable of detecting and measuring 
extremely small movements. 
[0067] In another form of the invention, illustrated in 
Figs. 3 and 4, the motion of a single tip 22 in three 
dimensions with respect to a corresponding, self- 
aligned, opposed, stationary benchmark tip 12, or with 
respect to a surface if desired, may be measured by 
means of a planar, X-shaped tip support structure 60 
formed by a pair of intersecting and interconnected 
beams 62 and 64 which perform the functions of the two 
separate, perpendicular cantilever beams 24 mentioned 
above. Beams 62 and 64 preferably are perpendicular 
to each other and are interconnected at their intersec- 
tion 66 to form an X-shaped tip support structure. The 
tip 22 is formed at the intersection 66 and extends 
downwardly toward a stationary tip 12, in the manner 
illustrated in Fig. 1 for the tip carried by cantilever beam 
24, and as further illustrated at step 9 of cross-section 
1-1' (Fig. 2). As was the case with beam 24, the beams 
62 and 64 are formed from the silicon substrate 18 in 
the process illustrated for cross-section 2-2' of Fig. 2, 
with the substrate being patterned to produce the X- 
shaped support 60 at the intersection of the beams. The 
cross-sections 1-1 ' and 2-2' illustrated in Fig. 3 for the 
beams 62 and 64 are fabricated utilizing the process of 
Fig. 2 illustrated for these cross-sections. 
[0068] In accordance with a preferred form of the 
invention, the X-shaped support 60 is located in a 
recess 68 formed in a substrate 70, which may be a sil- 
icon wafer of the type described with respect to Fig. 1 . 
The recess, which is formed by the masking and etching 



steps described with respect to Fig. 2, has a continuous 
vertical side wall 72 to which the beams 62 and 64 pref- 
erably are secured, generally in the manner of canti- 
lever 24 in Fig. 1 , although it will be understood that they 
can be supported by pedestals in the manner illustrated 
in Rg. 1A. in the illustrated embodiment, however, each 
of the beams extends completely across the recess and 
is connected to opposite parts of the side wall 72 at its 
opposite ends. In order to allow the tip formed at inter- 
section 66 to be movable in the plane of the support 
beams 62 and 64, each beam incorporates flexible seg- 
ments which provide axial motion. Thus, for example, 
beam 62 is mounted at its left hand end 74 (as viewed 
in Fig. 3) to wall 72 through a first axial spring 76, while 
at its right hand end 78 the beam 62 is secured to wall 
72 through a second axial spring 80. These springs are 
segments of the beam fabricated by the same-process 
as the remainder of beam 62, with the specific shape 
and extent of the spring being determined by the first 
masking step of the process (Fig. 2, step 1). Thus beam 
62, including the spring portions 76 and 80, is fabricated 
using the process illustrated at cross section 2-2' in Fig. 
2, and is formed from the material of substrate 70. This 
material, which preferably is crystalline silicon, is suffi- 
ciently resilient to permit the formation of springs, and 
by careful selection of the shape and thickness of the 
material in the spring segments they can be made suffi- 
ciently stiff to retain the beam 62 in its nominal position 
while still allowing axial motion of the beam in response 
to axial forces applied thereto. 
[0069] In similar manner, beam 64 (as viewed in Rg. 
3) is connected at its opposite ends 82 and 84 to oppo- 
site parts of the wall 72 through corresponding spring 
segments 86 and 88, whereby the beam 64 is capable 
of motion along its longitudinal axis. As illustrated, the 
longitudinal axis of beam 64 is perpendicular to the axis 
of beam 62, although they may intersect at some other 
angle, if desired, it will be understood that since the 
beams 62 and 64 are interconnected at their intersec- 
tion 66, axial motion of beam 62 necessarily produces 
lateral motion in beam 64, and vice versa. The flexibility 
of the spring segments insures that the tip 22 at the 
intersection 66 is movable in any direction in the X-Y 
plane defined by the beams 62 and 64. In addition, the 
tip 22 is movable in the direction perpendicular to the X- 
Y plane since both beams can move in that direction. 
[0070] The recess 68 includes a substantially planar 
floor surface 90 which is below, and preferably parallel 
to, the plane of the beams 62, 64 and this floor supports 
the tip 12 which is self-aligned with the tip 22 carried by 
the tip support portion of the beams at intersection 66, 
in the manner described with respect to Rg. 1 . The X- . 
shaped support 60 moves tip 22 with respect to this 
lower tip 12. The process by which the beams 62 and 64 
(as well as beam 24) are formed at their end portions is 
illustrated in tabular form in Fig. 2 for the cross sections 
3-3' and 4-4', taken at the right-hand end portion 78 of 
beam 62, as viewed in Fig. 3. This illustration is exem- 
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plary of the mounting for the remaining ends of the 
beams 62 and 64. In the region of cross-section 3-3' t 
the beam is formed in the manner described with 
respect to cross section 2-2' through steps 1 to 6, and 
accordingly, the features of these steps are similarly 5 
numbered in Fig. 2. After the island 45, from which the 
beam is formed in the region of the cross section 3-3', 
has been fully isolated from the substrate by the oxida- 
tion illustrated in step 6, the dielectric layer 40 is 
stripped from the top of the island in selected regions 
(step 7) to expose portions of the top surface 100 of the 
silicon portion 102 of the island 45. In this case, the por- 
tion 102 of the island is the beam 62, and the portion of 
the top of the beam which is to be exposed for electrical 
contact purposes is defined by mask No. 3, as 
described above. After the top of the beam is exposed, 
a conductive layer of material such as aluminum is 
deposited and patterned (step 8) to form an electric 
contact 104, indicated diagrammatical ly as a rectangu- 
lar contact in Fig. 3. The contact is defined by mask No. 
4 in step 8 of Fig. 2, and as shown in Fig. 3, may extend 
over part of beam 62 and onto the surface of the sub- 
strate material surrounding recess 68 for connecting the 
beam to external circuits, if desired. 
[0071] As previously discussed, in step 9 selected 
portions of the oxide layer 54, as defined by mask No. 5, 
are isotropically etched away to release selected por- 
tions of the beam structure, as was illustrated at cross 
section 2-2' in Fig. 1 . The same release configuration is 
also illustrated in Fig. 3 at cross section 2-2', where 
beam 62 is released from the oxide layer so as to extend 
for free motion across and parallel to the floor 90 of the 
recess 68. However, in the region of the cross-section 3- 
3' in Figs. 2 and 3, the oxide layer 54 is covered by mask 
No. 5 in step 9 to leave a part of the oxide layer intact 
beneath the beam. Accordingly, an end portion of beam 
62 remains supported by layer 54 adjacent wall 72, with 
the remainder of the beam extending inwardly from the 
wall toward the center of the recess 68 in cantilever 
fashion. The portion of the oxide layer 54 which remains 
to support the beam is illustrated in top plan view in Fig. 
3. This support extends inwardly from the wall 72 to a 
boundary wall 106 which defines the edge of the oxide 
layer 54 after the remainder of the beam structure has 
been released. The location of wall 106, and thus the 
extent of the support structure for the beam, is defined 
by mask No. 5 in step 9 of the fabrication process of the 
present invention. 

[0072] Beam 62 is electrically insulated from the sur- 
rounding substrate material by means of an oxidized 
segment 1 10, which preferably is at the end of the beam 
where it joins the peripheral wall 72. The formation of 
this oxidized segment is illustrated in steps 1 through 9 
of Fig. 2 under the heading "Cross Section 4-4"'. Steps 
1 through 4 are the same as the steps used in the for- 
mation of the remainder of the beam 62, and thus corre- 
sponding components are identified by similar numbers. 
However, after the isotropic recess etch is performed in 



step 4 to leave the island 102 supported by a necked- 
down portion 112, mask No. 2 is used in step 5 1 strip 
the dielectric layer 40 and the nitride layer 48 away from 
island 45, leaving exposed the island portion 102 in the 
region of segment 110. As illustrated in Fig. 2, the 
exposed silicon material of island portion 102 is oxi- 
dized during the oxidation carried out in step 6 of the 
process so that step 6 not only forms layer 54, but also 
oxidizes the exposed portion of the silicon island com- 
pletely through its cross-section. 
[0073] The top surface of segment 110 remains 
exposed during the formation of the electric contact 1 04 
in step 7, and accordingly, this surface is covered by the 
conductive layer of material which is patterned by mask 
No. 4 to form the electric contact in step 8, as discussed 
above with respect to cross-section 3-3'. As illustrated in 
Fig. 3, the electric contact 104 spans the end portion of 
beam 62, covering both the oxidized segment 110 and 
an end portion of the unoxidized beam 62. As discussed 
above with respect to step 9, mask no. 5 prevents the 
oxide layer 54 from being removed from the regions of 
cross-section 3-3' and 4-4' to provide additional support 
for beam 62 at its junction with wall 72. It will be under- 
stood that each of the end portions of beams 62 and 64 
are constructed in a similar manner to that illustrated 
with respect to the end portion 78. Further, it will be 
understood that if desired, other segments of the beams 
62 and 64 can be electrically isolated using the oxida- 
tion technique of steps 5 and 6. 
[0074] Axial motion of each of beams 62 and 64 is pro- 
duced and is detected, in accordance with one form of 
the present invention by means of transducers, which 
preferably are relatively movable capacitive plates 
formed on the beams. Each transducer includes a first 
comb-shaped set of plates mounted on the stationary 
base (or substrate) material surrounding the recess 68 
and a second comb-shaped set of relatively movable 
complementary plates mounted on the beam 62 or 64. 
Thus, for example, beams 62 incorporates transducers 
120 and 121 on opposite sides of intersection 66, while 
beam 64 incorporates transducers 1 22 and 1 24, also on 
opposite sides of intersection 66, so that the motion and 
position of tip 22 can be precisely measured and con- 
trolled. Transducer 120 is exemplary of the four trans- 
ducers and includes first and second sets 124 and 125 
of stationary capacitive plates located on opposite sides 
of beam 62. These capacitive plates are fabricated in 
the same manner as the beams 62 and 64, as 
described with respect to Fig. 2, and each set preferably 
includes three or more spaced, parallel, inwardly- 
extending capacitor plates or "fingers" 126 fixedly 
mounted to a base 127 in a comb shape. The sets of 
capacitor plates extend horizontally inwardly into the 
recess, in cantilever fashion, preferably parallel to the 
floor 90 thereof, with each of the plates 126 being verti- 
cal. 

[0075] Preferably, the sets 1 24 and 1 25 are secured to 
regions of the surrounding substrate material 70 which 
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are oxidized to provide electrical insulation, as indicated 
at 132 and 134, in order to electrically isolate the plates 
from the substrate. The insulated regions 132 and 134 
provide paths on which electrical leads (not shown) may 
be formed for connecting control circuitry to the respec- § 
tive stationary plate sets 124 and 125. For example, 
these plates may be connected by means of such elec- 
trical leads to suitable voltage sources (not shown) for 
the application of selected potentials to the capacitor 
sets for controlling the axial motion of beam 62, and 
may be connected to suitable sensing circuitry for 
detecting changes in the electrical charge on the sets 
124 and 125 due to externally imposed motion of beam 
62. 

[0076] The transducer 1 20 also includes movable sets 

138 and 139 of capacitive plates, or lingers" 140 
mounted, for example, by means of a support arm 142 
to the beam 62. The springs 76 and 80 in beam 62 ena- 
ble plate sets 138 and 139 and beam 62 to move axially 
in the directions of arrow 144. The sets 1 38 and 1 39 are 
comb-shaped and include outwardly extending vertical 
parallel plates 140 which are interdigitated with the 
inwardly extending plates 126 of sets 124 and 125, 
respectively, with the interdigitated plates being spaced 
slightly apart from each other to allow freedom of 
motion of the beam 62 without contact between the 
opposed plates. The application of a voltage to sets 124 
and 1 25 produces a potential across the space between 
the plates of sets 124 and 138 and sets 125 and 139, 
respectively, to thereby draw the movable sets 138 and 

139 into and toward sets 124 and 125, thereby moving 
the beam 62 to the left, as viewed in Fig. 3. 
[0077] In similar manner, application of a voltage 
potential to the stationary plates of the capacitors which 
make up transducer 121 at the opposite end of beam 62 
will tend to move the beam 62 along its longitudinal axis 
toward the right as viewed in Fig. 3, and by balancing 
the voltages applied to the two transducers, the beam 
62, and thus the tip 22 carried by the beam at intersec- 
tion 66, can be precisely located along an X axis defined 
by the axis of beam 62. 

[0078] Transducers 1 22 and 1 23, which are similar to 
transducer 120, similarly may be energized to move 
beam 64 along its longitudinal axis in the directions indi- 
cated by arrow 146 so that the tip 22 at intersection 66 
can be precisely located along a Y-axis defined by beam 
64. Proper selection of voltages applied to each of the 
transducers 120 - 123 permits precise location of the tip 
in any direction in the horizontal plane defined by 
beams 62 and 64. 

[0079] Any electrical current which flows between tips 
22 and 12 also flows through the semiconductive mate- 
rial of beams 62 and 64 to the electrical contact regions 
104 on the upper surfaces of the beams, and then 
through suitable connectors to circuitry and instrumen- 
tation such as that illustrated at 36 in Fig. 1 . 
[0080] The device of Fig. 3 may be used, for example, 
as an acceleration detector where mechanically 



imposed motion of the substrate due to external forces 
causes the tip support structure 60 to move slightly with 
respect to the substrate in accordance with the direction 
of acceleration of the substrate material. This motion 
produces a change in the electrical current or electrical 
potential between tips 12 and 22 which can be detected 
by the sensing circuitry connected to a contact 104. The 
sensors then may produce voltages on one or more of 
the transducers 120 - 123, which tend to move the tip 
support structure 60 in a direction to return the tips 12 
and 22 to alignment. The voltages required to do this 
provide a measure of the force applied to the substrate. 
In this way, vibrations and other mechanical movements 
in the X-Y plane can be detected and measured. 
(0081 ] It is noted that in the embodiment of Figs. 3 and 
4, wherein the beams 62 and 64 are essentially linear, 
the spacing between the interdigitated plates of the 
capacitive transducers 120 - 123 must be sufficient to 
permit some lateral motion of the beam to which the 
movable plates are mounted without producing contact 
between the adjacent plates. This insures that adequate 
control of the motion or sensing of the motion will be 
maintained while still allowing free movement of the tip 
22 with respect to tip 1 2 in any direction in the horizontal 
plane. 

[0082] Although not illustrated in Fig. 3, it will be 
apparent that if (Z-direction) motion of the beams 62 
and 64 is required to adjust the gap between tips 1 2 and 
22, or if such motion is to be detected, then one or more 
pairs of horizontal capacitive plates for example in the 
form of electrodes (such as electrode 104), may be 
formed on the beams 62 and 64. Corresponding station- 
ary electrodes may be formed on either the floor 90 or 
on a structure extending above the beams, with volt- 
ages being applied across the electrodes to provide ver- 
tical motion (perpendicular to the page) as viewed in 
Fig. 3. Such vertical, or Z-axis, control may not only be 
desirable, but since in many cases the beams 62 and 64 
tend to bend slightly upwardly upon release from the 
oxide layers, such Z-axis control may often be required 
to maintain the desired gap between the ends of tips 12 
and 22. 

[0083] Fig. 4 illustrates the tip support structure 60 of 
Fig. 3 in a perspective view, illustrating more clearly the 
locations of the tips 12 and 22 and the spaced relation- 
ship between the beams 62 and 64 and the floor 90 of 
the recess 68. As illustrated, the process of forming the 
tips 12 and 22 may leave on floor 90 residual upstand- 
ing ridges 150 and 1 52 which are parallel to and spaced 
beneath the beams 62 and 64. 
[0084] The movable beam structure of Fig. 3 has 
application in a wide range of instruments as an actua- 
tor and/or as a sensor, yet has the advantage of being 
fabricated in single crystal silicon in an area only 40 \im 
by 40 fim. The device is sufficiently stable for use as a 
scanning tunneling microscope; in one embodiment of 
the device, it was found that the beams provide a stiff- 
ness of 55 N/m in the X and Y directions and 30 N/m in 
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the Z direction. The device will provide reproducible 
STM images to about 0.1 Angstrom. 
[0085] As noted above, the formation of the structure 
illustrated in Fig. 2 at cross section 1 -1 ' results in a gen- 
erally conical tip if the island 45 is round or square in the s 
region where the tip is to be formed, so that the oxida- 
tion occurs substantially equidistant from the tip axis as 
it consumes the substrate material from all sides. Both 
the enlarged end portion 39 of beam 24 and the crossed 
beams at intersection 66 form such conical tips. Fur- 
thermore, because the diameter of the enlarged end or 
of the intersection is larger than the width of the beams 
the oxidation completely undercuts the beam before the 
tip region, leaving the self-aligned tips extending 
between the beam and the underlying substrate. Other 
shapes of opposed, self-aligned structures can be pro- 
duced by careful selection of the dimensions of the sup- 
porting structure and control of the etching and 
oxidising steps of the process. For example, opposed, 
self-aligned tips in the shape of wedges such as those 
illustrated at 160 and 162 in Pig. 5 can be fabricated by 
generating rectangular island structures through the 
use of suitable masks. When such rectangular struc- 
tures are oxidized.they are consumed at the same rate 
in all directions, but the extended length of the island 
results in elongated wedge portions such as those illus- 
trated at 164 and 166. 

[0086] If the oxide layer 54 (Fig. 2) is permitted to 
remain in place between two opposed self-aligned tips, 
they are not relatively movable. However, in this case 
the tip structure relies on tunneling through the oxide 
itself from one tip to the other. Such tunneling is 
enhanced by providing very sharp tips in very close 
proximity to one another; for example, with a gap of 
about 20 Angstroms between the ends of adjacent tips. 
In the case where the oxide is fully removed to release 
the island, or beam, from its lower supporting layer, the 
two opposed tips become movable with respect to one 
another, and make a number of other applications avail- 
able, as described above. Tunneling or field emission 
between the opposed elements can still occur across 
the gap between the tips, as described above, but in 
addition the tips can move in response to external stim- 
ulus. 

[0087] During the formation of the intersecting beams 
62 and 64 described above with respect to Figs. 3 and 
4, electronic devices such as diodes, MOSFETs, or 
bipolar transistors may be incorporated in the beams 
and in the region of the intersection 66. When such a 
structure is provided at the region of the intersection 66, 
external electrical contact with the electronic device is 
provided via the beam structure and/or electrodes fabri- 
cated on the surface of the beam, using the same proc- 
ess as illustrated for electrode 104 in Fig. 2. Further, the 
extent of the undercut oxidation in recess 50 (Fig. 2, 
step 6) may be controlled to selectively provide direct 
ohmic electrical connection to, or tunneling connection 
to, or total isolation from, the substrate, and by contr I- 



ling the removal of the oxide from under the island, the 
capacitance between the island and the substrate can 
be varied. When the island is fully released so that the 
structure becomes mobile, electronic devices fabricated 
on the beam may provide the circuitry needed for con- 
trolling the vertical spacing between the tips. For exam- 
ple, such circuitry may control the capacitive effect 
between the beam and the substrate to permit electro- 
static control of the beam in the manner provided by the 
transducers 120 - 123. 

[0088] The formation of a MOSFET device along a 
beam is illustrated in Fig. 6, wherein top surface of the 
island 170, which is of the same silicon material as its 
underlying substrate 172, is covered by a gate oxide 
layer 174 and a polysilicon gate layer 176. The sides of 
the island are doped in any suitable manner to produce 
n + regions 178 and 180 on diametrically opposite sides 
of the island. The MOSFET device so formed moves 
with the beam and is electrically isolated from the sur- 
rounding support structure by the insulating segment 
110 formed by the oxidation step illustrated at cross 
section 4-4'. Thereafter, an electrical connection can be 
made to the gate region 176 by means of an evaporated 
or sputtered metal film, such as an aluminum film, 
extending from the gate region along the beam and 
across the oxidized region 1 10 to a suitable electrical 
contact pad, in the manner of the electrical contact 104 
illustrated in Fig. 2 at cross section 4-4', and shown in 
Figs. 3 and 4. Other electronic devices can also be pro- 
vided in the beams in the same manner as the MOSFET 
device described above, with appropriate electrical con- 
nections being made as required. 
[0089] Although the invention has been illustrated in 
terms of providing vertical self-aligned conical or 
wedge-like tips, it will be understood that horizontal self- 
aligned tips may be formed utilizing the same general 
techniques. A method for forming horizontal self -aligned 
dual wedge-like tips is illustrated in Figs. 7, 8 and 9. This 
technique is based on the fact that the oxidation of sili- 
con can take place through very small "windows" in a 
nitride mask layer and that the thickness of the oxide will 
be dependent upon the width of the window. Thus, if the 
size of a window opening on the top of a narrow silicon 
island is properly selected, the extent to which the oxide 
growing down from the top of the island approaches the 
oxide growing upwardly beneath the island, in the man- 
ner of the oxide formation in the recesses 50 of Fig. 2, 
step 5, can be tailored to provide horizontal self-aligned 
opposed wedge-shaped tips having selected gaps 
between adjacent tips. 

[0090] To form horizontal self-aligned wedges, a 
beam-shaped island 190 is fabricated from a wafer hav- 
ing a silicon substrate 192, in accordance with the proc- 
ess illustrated in steps 1 through 4 of Fig. 2. The island 
is formed with a thin layer 1 94 of silicon oxide on its top 
surface (see Fig. 7) covered by a mask layer 1 96 of sili- 
con nitride which layers are similar to layers 40 and 48 
in Fig. 2. By suitable masking of the island 190, submi- 
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cron windows 198 and 200 are etched through the sili- 
con oxide layer 194 and the nitrid layer 196 on top of 
the island 190 to expose the top surface 202 of the sili- 
con substrate material 192. Thereafter, the surface of 
the wafer is oxidized, with the oxide growing down- 
wardly through the windows 198 and 200 and growing 
upwardly beneath the lower edge 203 of mask layer 1 96 
into the top portion of the island by way of the recesses 
204 and 205, which correspond to the recess 50 of Fig. 
2. The growth of the oxide is indicated by the dotted 
arrows 206 (see Fig. 8), and the amount of oxide formed 
depends upon the width of the submicron window, the 
oxidation time, the height of the island, the depth of the 
recess etch, and the like. The oxidation causes the sili- 
con island 190 to neck down not only in the undercut 
regions 204 and 205, but in the windows 1 98 and 200 to 
produce the desired degree of isolation between adja- 
cent segments of the island. The oxidation process in 
the silicon material produces axial ly self-aligned tips in 
each window segment, in the form of wedges, with axes 
of tips being parallel to the substrate, as illustrated in 
Fig. 9. The wedges correspond to segments 207, 208 
and 209 of the island 190, it being understood that the 
segments in Fig. 9 initially are surrounded by oxide 
which is then selectively removed to release selected 
wedges for relative motion with respect to each other 
and/or to the substrate. 

[0091] As illustrated in Figs. 8 and 9, the axially hori- 
zontal wedges 207, 208 and 208, 209 fabricated as 
described above will be spaced apart by gaps 210 and 
212, respectively. The distance between the tips 
depends upon the width of the window. Although the 
oxidation usually proceeds at substantially the same 
rate on all exposed surfaces, this is not the case when 
the window size approaches the deep submicron 
regime; i.e., when the window opening is in the range of 
0.1 • 0.2 micron. Thus, the oxide thickness grown in a 
window falls off as the window opening is reduced from 
about 1 micron to the submicron range, and this reduc- 
tion in rate enables this particular process to work. 
[0092] It will be noted that the opening of a "window" 
in the top surface of the nitride can be extended over the 
sides of the island by over-etching the nitride so that a 
part of the nitride side wall is removed from the silicon 
island in the vicinity of the top surface opening, as indi- 
cated by the dotted lines 214 in Fig. 7. This removal of 
the nitride mask from the side walls of the island allows 
oxidation to reach the island not only from the top sur- 
face and from the bottom recesses, but from a part or all 
of the side wall through the area 214. In this way, 
instead of the wedges of Fig. 9, self-aligned conical tips 
216, 217 can be produced as illustrated in Figs. 22 and 
23. 

[0093] The key to forming lateral tipis through deep 
submicron windows on the top of an island, and through 
windows which extend over the lateral edges of the 
island, is the provision of a top surface masking nitride 
layer (under which is depsited a stress-relief oxide film) 



and the further provision fo a sidewall nitride masking 
layer. Thus, control of the shape of horizontal self- 
aligned tips can be obtained through the use of the sub- 
micron window technique or through the use of litho- 

5 graphic masks 42 (Fig. 2 and Fig. 22A) to produce the 
islands extending above the silicon substrate. Instead of 
forming rectangular beam-like islands, such as that 
illustrated in Fig. 7, it is possible to create, through elec- 
tron beam lithography such as that illustrated in top plan 

70 view in Fig. 22A, for example, different shapes which 
produce different patterns of oxidation. Thus, the mask 
which forms the upstanding island can be square, 
round, rectangular, tapered, may be provided with 
curved ends or sides, or may be stepped, as in Fig. 22A, 

is all of which result in different patterns of oxidation and 
thus produce correspondingly distinct tip and beam 
shapes in horizontal self-alignment. 
[0094] Where electron beam lithography is used to 
define the islands, as generally illustrated at 218 in Fig. 

20 22A, the thinnest lines that can be formed are made by 
"zero-width" traces which are a single pixel in width; that 
is, the line will be approximately the same size as the 
electron beam spot diameter. Since such electron 
beams move in steps rather than continuously, they 

25 tend to produce a series of circular spots, or pixels. Zero 
width lines may be drawn by making two or three traces 
along the same line. Although nominally the individual 
pixels formed by the beam during each trace will land 
exactly in the same place, very small errors in beam 

30 placement from trace to trace provide a random offset to 
provide a straight line, such as the line 219, sufficient to 
expose a given resist layer to provide the desired line 
width. Multiple and side-by-side passes of the electron 
beam produce lines 220 - 225, as illustrated in Fig. 22A 

35 to provide the desired width and shape of the exposed 
area in the resist, and thus define the shape of the 
island formed during the fabrication process described 
herein. Various other techniques for lithographically 
defining the shape of the island will be apparent. 

40 [0095] The masking and oxidation steps described 
above result in the cross-sectional structures illustrated 
in Figs. 22B, 22C and 22D at cross-sectional regions B, 
C and D, of Fig. 22A, respectively. Thus, a nitride mask 
226 in the region of the single etched line 219 results in 

45 an isolated beam portion 227 spaced above a substrate 
228 and separated by oxide 229 as viewed in cross-sec- 
tion in Fig. 22B. The single line also produces laterally 
narrowed regions 230 (in top plan view) as illustrated in 
Fig. 23, which result in the formation of opposed tips 

so 216 and 217 aligned along line 219. 

[0096] The etch lines 220 and 223 (Fig. 22A) produce 
a laterally wider region in beam 227, as illustrated at 
232 at cross-section C-C in Fig. 23, with the beam being 
isolated from the substrate in the manner illustrated in 

55 Fig. 22C. Similarly, etch lines 221, 222, 224 and 225 
result in a still wider region 233 in beam 227, again as 
illustrated at cross-section D-D in Fig. 23. This beam is 
not isolated from substrate 228, in the illustrated 
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embodiment, at cross-section D-D illustrated in Fig. 

22 D, but the beam 227 is supported on the substrate 
228 by a pedestal region 234 to thereby support the hor- 
izontally-spaced, laterally aligned tips in a cantilever 
fashion. 

[0097] The horizontal self-aligned tips of Figs. 9 and 

23 are important, for they provide a convenient way to 
provide very small capacitors integrated into a silicon 
wafer. 

[0098] It is also possible, in accordance with the 
present invention, to create structures wherein multiple 
self-aligned tip pairs are fabricated in vertical alignment 
through the height of an island. An example of the 
method of fabricating such a structure is illustrated in 
Fig. 10, steps 1 through 7. Step 1 illustrates a standard 
ISLO structure formed in accordance with the process 
of steps 1 , 2 and 3 of Fig. 2. This structure includes a sil- 
icon substrate 235 formed to include an upstanding 
island portion 236 on which is located a first oxide layer 
237 (Ox-1), a first nitride layer 238 (Ni-1), and a second 
oxide layer 239 (Ox-2). As illustrated, a second nitride 
layer 240 (Ni-2) extends completely over the top and 
sides of the island. 

[0099] In step 2, the nitride layer 240 is first removed 
from the horizontal surfaces by RIE, leaving the nitride 
layer 240 on the side walls. The RIE etching process is 
continued, with the oxide layer 239 protecting the nitride 
layer 238 while a portion of the nitride layer 240 on the 
side wall is removed. This "over-etching" leaves only the 
partial side wall nitride segments 241 and 242 (Ni-2). 
[0100] The structure is next planarized, as illustrated 
in step 3 of Fig. 10, through the use, for example, of a 
polyimide resin or a spin-on-glass (SOG) layer, followed 
by an etch back to reveal a top portion of the island. 
Thus, as illustrated in step 3, the island 236 extends 
above an SOG layer 243 which lies on the horizontal top 
surface of the substrate 235 but which leaves the upper 
part of the island 236 and its covering layers 237 - 239 
exposed. 

[0101] The next step, as illustrated in step 4 in Fig. 10, 
is to deposit an LPCVD nitride layer 244 (Ni-3) over the 
entire structure. LPCVD nitride is a high temperature 
material which is used with spin-on-glass; however, if a 
polyimide resin is used to planarize the structure, a low 
temperature nitride would be used. Thereafter, as illus- 
trated in step 5, an RIE process is performed, as was 
done in step 2, to remove the nitride 244 from the hori- 
zontal surfaces while leaving the side walls covered by 
segments 245 and 246. The SOG layer 243 is then 
stripped, leaving the side walls of the island 236 cov- 
ered by nitride segments 241 and 242 (Ni-2) from step 
2 and segments 245 and 246 (Ni-3) from step 5. The 
nitride layers 245 and 246 cooperate with the nitride 
layer 238 to form a continuous oxidation mask across 
the top of the island. 

[0102] As illustrated in step 6, a recess etch is then 
performed to undercut the island at both the upper and 
lower ends of the side wall mask segments 241 and 



242, thereby producing the recesses 247 and 248 on 
opposite sides of the island above segments 241 and 
242, and providing recesses 249 and 250 below seg- 
ments 241 and 242. 

5 [01 03] In step 7, the structure is oxidized, with the oxi- 
dation 251 and 252 undercutting portions of the island 
236 in each of the recesses 247, 248 and 249, 250 in 
the manner described with reference to Fig. 2, step 6. 
Thereafter, the sidewall and top dielectric layers 237, 

10 238, 239. 241, 2 34, 245 and 246 are removed, while 
leaving the isolation oxides 251 and 252, to produce the 
segmented island structure illustrated. The oxide layers 
may then be removed, leaving the island 236 separated 
into two parts, indicated at 236' and 236" in step 8. This 

75 results in a first pair of self-aligned, opposed conical or 
wedge-like tips 252 between the island segments 236' 
and 236", and a second set of opposed conical or 
wedge-like tips 254 between island segment 236' and 
the substrate 235. It will be evident that the same gen- 

20 eraJ process as that illustrated in Fig. 2 can be used to 
produce beam structures to support each of the island 
segments 236* and 236", and that additional sets of ver- 
tically self-aligned tips can be fabricated using the tech- 
nique of Fig. 10. Furthermore, an upwardly-facing tip 

25 255 can be provided, as illustrated in step 8A of Fig. 1 0, 
by a modification of the process of Fig. 10. In this alter- 
native, after step 7, the topmost island segment 236" is 
removed, as by an anisotropic silicon etch, while the iso- 
lating oxide layers 251 and 252 are still in place. There- 

30 after, an isotropic oxide etch strips the oxide layers 251 
and 252 for release of island 236', as illustrated in Fig. 
10, step 8A. 

[0104] A second procedure for fabricating upwardly- 
facing tips is illustrated in Fig. 1 1 , which is similar to the 

35 process of Fig. 1 0. Layers common to the steps of Figs. 
10 and 11 are similarly numbered. Five steps are 
involved in this second method of fabricating an 
upwardly-facing tip. Step 1 is similar to step 1 of Fig. 10, 
providing a silicon island 236 formed from a substrate 

40 235, the island having a layered dielectric on its top sur- 
face consisting of a first oxide, a nitride, a second oxide, 
and a second nitride layer illustrated at 237, 238, 239 
and 240, respectively. The nitride layer 240 covers the 
side wall of the island 22, as illustrated in step 1 . In step 

45 2, an RIE step is used to remove most of the Ni-2 layer 
240 on top of the island and on the surface of the silicon 
substrate 235. The Ni-2 layer is overetched so that the 
side wall portion, illustrated at 241 and 242 in Fig. 2, is 
eroded to a point just below the Ni-1 layer 238, thereby 

so exposing the upper portion of the oxide layer 237 in a 
gap between the Ni-1 and the Ni-2 layers 238 and 241, 
242. 

[01 05] In step 3 of Fig. 1 1 , a recess etch is performed 
(as in step 6 of Fig. 10) on the surface of substrate 235 
55 to produce a recess 256 which undercuts island 236.. 
During this recess etching step, the oxide layer 239 pro- 
tects the top of the silicon island 236. Thereafter, as 
illustrated in step 4, the island and the surface of sub- 
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strate 235 are oxidized causing the Ox-1 layer 237 to 
grow in the manner illustrated at 257. Similarly, oxida- 
tion takes place at recess 256 to produce the oxide layer 
258 an the surface of the substrate 235 and to undercut 
island 236 to isolate the island from the substrate. This 
oxidation of the silicon at both the top surface and the 
bottom of the island 22 produces the downwardly facing 
opposed tips 254, as previously described with respect 
to step 7 of Fig. 10, but in addition forms an upwardly- 
facing tip 259 as illustrated in step 4 of Fig. 11. The 
oxide and the masking nitride layers are then removed 
in step 5 of Fig. 11, leaving the substrate 235 and the 
released island portion 236', which may be in the form 
of a beam with a self-aligned opposed tip pair 254 and 
with an upwardly-facing tip 259. 
[0106] Fig. 12 illustrates a fabrication process which 
combines the features of Figs. 1 0 and 1 1 to provide mul- 
tiple, vertically stacked, self-aligned tips. Step 1 of this 
process is the same as step 5 of the Fig. 10 process, 
and similar elements are similarly numbered. It should 
be noted that, as with the Fig. 10 process, the structure 
illustrated in step 1 may include a plurality of vertically- 
spaced openings such as the aperture 260 between the 
lower sidewall nitride layer 241 , 242 and the upper side- 
wall nitride layer 245, 246 to provide added vertically 
aligned tip segments in island 236. These additional 
apertures may be formed by repeating steps 3, 4 and 5 
of the process of Fig. 10 to build sidewall segments up 
the height of island 236. 

[01 07] Referring to step 2 of Fig. 1 2, after the top side- 
wall coating 245, 246 is provided, it is etched back to 
expose the top dielectric stack, including layers 237, 
238 and 239, in the manner illustrated in step 2 of Fig. 
1 1 , leaving the sidewalls of at least the upper part of 
island 236 and a part of oxide-1 layer 237 covered by 
nitride layers 245, 246. Thereafter, the etching step 
illustrated in step 6 of Fig. 10 is performed, resulting in 
recesses 247 and 248 (see step 3 of Fig. 12) in the 
aperture 260 and recesses 249 and 250 beneath layers 
241, 242, thereby undercutting island 236 in two loca- 
tions (and in additional locations if the sidewall nitride 
layer is further segmented, as discussed above). 
[0108] The island is oxidized, as illustrated in step 4 of 
Fig. 12, to thereby isolate segments 236* and 236" by 
oxide layers 262 and 264. The oxidation step also fur- 
ther oxidizes layer 237 (oxide-1) as illustrated at 237 
and thereby oxidises the silicon island at its interface 
with layer 237. This oxidation of the top surface of island 
236 produces an upwardiy-facing tip 266 at the same 
time that the oxidation process undercuts the island in 
the location of recesses 247, 248 and 249, 250, to iso- 
late island segments 236' and 236" in the manner 
described with respect to Fig. 10. The oxide may then 
be removed to produce separate segments 236' and 
236", as shown in step 4 of Fig. 12, thereby producing 
an odd number of vertical self-aligned tips which may be 
formed as a part of corresponding cantilever beams, for 
example, in the manner previously described. 



[0109] Another process for forming multiple tips 
stacked in vertical alignment is illustrated in Fig. 13, to 
which reference is now made. In this proc ss, two (or 
more) independent selective oxidation steps are used in 

5 conjunction with two (or more) oxide/nitride/oxide 
(ONO) stacks separated by polysilicon films. The proc- 
ess begins by growing and depositing two (for example) 
ONO stacks, as illustrated in step 1 of Fig. 13. The first 
ONO stack 270 consists of layers OX-1 , Ni-1 and OX-2, 

jo and is similar to the dielectric stack as shown in Fig. 12, 
step 1. A polysilicon film 272 is formed on the top of 
stack 270, and, where two pairs of vertically self-aligned 
tips are to be formed, a second ONO stack 274 is 
formed, consisting of layers OX-3, Ni-4 and OX-4. 

is Thereafter, the sidewalls of the island are covered by a 
nitride layer Ni-5, as shown at 276. 278 in step 2 of Fig. 
13, formed by depositing a nitride layer over the entire 
island and then etching it away from the horizontal sur- 
face. 

20 [01 1 0] As illustrated in step 3 of Fig. 1 3, the structure 
produced by step 2 is recess etched in the manner 
described with respect to step 6 of Fig. 10, to produce 
recesses 280 and 282 undercutting the island 236. The 
exposed silicon is oxidized, as illustrated at 284 in step 

25 4 of Fig. 13, to isolate the island segment 236' and to 
form tip pair 285, and then the dielectric ONO stack 274, 
the sidewall layers 276, 278 and the oxide 284 on the 
surface of substrate 235 are removed, using a combina- 
tion of isotropic and anisotropic etching steps. This 

30 etching step stops at the polysilicon film 272, as shown 
in step 5, and also at the surface of silicon substrate 
235, leaving the upper island segment 236', the polysil- 
icon film 272, and ONO stack 270 supported by the 
oxide 284. 

35 [01 1 1 ] A second vertical self-aligned tip pair is then 
formed by means of an RIE trench etching process, 
similar to that in step 2 of Fig. 2, to extend the height of 
island 236 by forming a lower island portion 290 in the 
substrate 235, as illustrated in step 6 of Fig. 13. This 

40 consumes the polysilicon layer 272, but ONO stack 270 
remains as a self-aligned mask for the RIE etch. This is 
followed, in step 7, by the formation of sidewall nitride 
spacer layers 292, 294 in the manner described with 
respect to step 2, which in turn is followed by a recess 

45 etch to form the recesses 296, 298. The exposed silicon 
is oxidized, as illustrated in step 8, to produce oxide 
layer 300 on the surface of substrate 235 and in the 
recesses 296, 298 to undercut the island portion 290, 
thereby isolating an island segment 290'. At the same 

so time, a second pair of opposed tips is formed, as at 302, 
between island segment 290' and substrate 235. The 
sidewall spacer 292, 294, the ONO layer 270, and the 
oxide 284 and 300 can then be removed to free the 
island segments 236' and 290', as illustrated in step 9 of 

55 Fig. 13. 

[01 12] As illustrated by the steps of Fig. 13, two sets 
of opposed tips can be provided by the use of two ONO 
stacks formed on the island 236. Additional pairs of tips 
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can be produced by adding additional ONO stacks, and 
repeating the above-described process of increasing 
the island height (as by the described trench etch proc- 
ess), adding sidewall spacer layers, recess etching, etc. 
[0113] By combining the process of Fig. 13 with that 
of Fig. 1 1 , an odd number of tips can be produced, with 
the odd tip protruding upwardly as illustrated in Fig. 
1 3 A. The process of Fig. 1 3 A is the same as that of Fig. 
13 with the exception of modified steps 7A, 8A and 9A, 
shown in this figure. The upward tip is formed by erosion 
of the sidewall nitride layer 292, 294 of Fig. 13, as 
shown in step 7A of Fig. 13A, to expose the OX-1 layer 
of ONO stack 270, as shown by 292' and 294'. This pro- 
vides apertures 295, 295' through which the top of seg- 
ment 236' can be oxidized to form an upwardly facing tip 
297 during the oxidation in step 8A which forms the low- 
ermost tip pair 302. 

[01 1 4] In each of the foregoing fabrication processes, 
it will be noted that an upwardly protruding tip can be 
generated from any process which produces a tip pair, 
through selective removal of a corresponding down- 
wardly-facing tip, or by selective exposure of the top of 
an island to the oxidation process. Such upwardly facing 
tips can be used for a variety of purposes, including fab- 
rication of field emitters. It will also be noted that the ero- 
sion of the sidewall nitride for the production of upwardly 
facing tips in the processes of Figs. 11,12 (step 2) and 
13A (step 7A) requires careful timing of the erosion to 
insure that the correct amount of underlying material is 
exposed. 

[01 15] The techniques described above permit the for- 
mation of lateral and vertical self-aligned conical and 
wedge-like tips, permit the formation of vertically 
stacked self-aligned tips supported on beams or other 
structures, permit the formation of multiple tip pairs 
spaced along beams and at the intersections of beams, 
and permit the formation of upwardly-facing tips located 
on the tops of beams. Such a variety of structures per- 
mits a wide range of uses for the movable tip pairs of the 
present invention. 

[01 1 6] Although the use of an X-shaped tip support at 
the intersection of linear beams constructed in accord- 
ance with Figs. 1 and 3 has worked satisfactorily, it will 
be seen that lateral motion of either beam is constrained 
by the spacing between the plates of the capacitors 
forming transducers 120, 122, 124 and 126. Thus, for 
example, when beam 62 is moved in a longitudinal 
direction by selective energization of transducers 120 
and 122, beam 64 is subjected to lateral motion along 
the same axis by virtue of the interconnection of the 
beams at 66. This lateral motion is limited by the spac- 
ing between adjacent interdigitated plates in capacitive 
transducers 124 and 126. 

[0117] The foregoing limitation can be overcome by 
the provision of offset support beams which are shaped 
so that the motion of the intersection of the beams in the 
(X-Y) plane of the beams is produced by bending 
moments in b th of the beams, rather than longitudinal 



motion in one and lateral motion in the other. This con- 
struction avoids the need for interdigitated capacitor 
plates, allowing a fr er motion of the intersection which 
supports the tip in the X-Y plane. This alternative con- 
5 struction is illustrated in Fig. 14, to which reference is 
now made. 

[0118] In the embodiment of Fig. 14, a movable tip 
structure generally indicated at 360 incorporates a pair 
of crossed, offset beams 362 and 364 mounted in a 

w recess 366 formed in a substrate 368. The beams 362 
and 364 are formed in the manner of the linear beams 
62 and 64 illustrated in Figs. 3 and 4, and thus extend 
generally across the recess 366, parallel to and spaced 
from the recess floor 370. The beams 362 and 364 

is cross each other and are joined at intersection 372 to 
form an X-shaped support for an upper tip (not shown) 
of a self-aligned tip pair such as the conical tips 22 and 
12 illustrated in Figs. 3 and 4. The offset beams lie in a 
horizontal X-Y plane and are so shaped that the upper 

20 tip mounted on the X-shaped support 372 can be 
moved in any direction in the X-Y plane of the beams, 
and can be moved in the 2-direction, as well. This three- 
dimensional motion can be produced either by trans- 
ducers such as capacitive plates mounted on the mova- 

25 ble beams and on adjacent walls of the recess 366, or 
by externally-applied mechanical forces on the sub- 
strate, in which case the transducers can be used to 
monitor the relative movement of these beams as dis- 
cussed above with respect to the embodiment of Figs. 3 

30 and 4, for example. 

[01 1 9] In the movable tip structure 360 of Fig. 1 4, the 
beams 362 and 364 differ from the beams of Figs. 3 and 
4 in that they do not include axial springs. Instead, the 
beams include offset, generally J-shaped sections 

35 which act as lateral springs to take advantage of lateral 
bending moments to permit motion in the X-Y plane. 
Thus, beam 362 is connected at its left-hand end 374, 
as viewed in Fig. 1 4, to the vertical wall 376 which forms 
the periphery of recess 366. The end segment 374 is 

40 parallel to an X-axis of the tip structure 360, and is con- 
nected through a laterally-extending segment 378 to a 
second axial segment 380. Segment 380 is connected 
to a second lateral segment 382. Segments 378 and 
380 extend in opposite directions, segment 378 leading 

45 away from the intersection 372 toward the peripheral 
wall 376, and segment 382 leading toward the intersec- 
tion 372, thereby forming a generally J-shaped beam 
section. The segment 382 is connected to the left hand 
end (as viewed in Fig. 14) of an axially extending tip 

so support section 384 which forms part of the X-shaped 
tip support 372. The remainder of beam 362 is similar to 
the foregoing, and includes an axial segment 386 
mounted on wall 376 at the end of beam 362 opposite to 
end segment 374. The beam further includes a lateral 

55 segment 388, an axial segment 390, and a lateral seg- 
ment 392 which is connected to the right-hand end of tip 
support section 384. Thus, the beam 362 extends gen- 
erally parallel t the X-axis of the tip support structure 
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360, but includes two J-shaped offset sections to pro- 
vide an offset beam structure. This offset structure pro- 
vides flexibility in the X-axis direction of motion of the tip 
at intersection 372 primarily through bending motion of 
the laterally-extending segments 378, 382, 388 and 
392. Y-axis flexibility is provided by bending motion in 
axiaily-extertding segments 374, 380, 386 and 390. 
[0120] Control of the motion of beam 362, as well as 
detection of motion, is provided by four transducers 400, 
401, 402 and 403, transducers 400 and 402 being 
located on axially-extending segments 380 and 390, 
respectively, of beam 362 and transducers 401 and 403 
being located on laterally-extending segments 382 and 
392, respectively. The energization of transducers 401 
and 403 tends to move the intersection of tip support 
372 along the X-axis of the device, while the energiza- 
tion of transducers 400 and 402 tends to move tip sup- 
port 372 along the Y-axis. 

[01 21 ] In similar manner, Y-axis motion of the tip sup- 
port 372 is provided by the Y-axis beam 364, which is 
connected at its opposite ends to the wall 376 on oppo- 
site sides of recess 366. The beam 364 includes, at its 
upper end (as viewed in Fig. 14), an axial segment 410, 
a lateral segment 412, an axial segment 414, and a lat- 
eral segment 416 connected to form a first J-shaped 
section. This section is connected to the upper end of a 
tip support segment 418 which forms the Y-axis portion 
of tip support 372. The opposite end of beam 364 simi- 
larly includes an axial segment 420, a lateral segment 
422, an axial segment 424, and a lateral segment 426 
forming a second J-shaped section of beam 364 and 
connected to the bottom end of tip support segment 
41 8. Beam 364 thus has the same offset structure as X- 
axis beam 362. 

[0122] Beam 364 includes four transducers 430, 431 , 

432 and 433 connected along the beam to provide Y- 
axis as well as X-axis motion of the beam. Transducers 
431 and 433 are connected to segments 416 and 426 to 
move the Y segment 418 axially along the Y-axis, while 
transducers 430 and 432 are connected to segments 
414 and 424 to move the beam 364, and thus the tip 
support section 372 laterally, along the X-axis. 
[0123] Preferably, the transducers 400-403 and 430- 

433 are capacitors, each having one plate mounted on 
its corresponding beam segment for motion with the 
beam, and its opposite plate mounted on an adjacent 
wall portion of recess 366. The wall-mounted plates are 
stationary, and each is electrically connected to suitable 
control circuitry (not shown), as by means of electrical 
leads such as leads 440-443 connected to transducers 
400-403, respectively, and leads 444-447 connected to 
transducers 430-433, respectively. 

[0124] By the application of suitable voltages to 
selected plates of the capacitors, the motion of tip sup- 
port 372 can be precisely controlled in the X-Y plane. 
Conversely, relative motion of the tip support with 
respect to the substrate caused, for example, by an 
external force applied to the substrate, can be accu- 



rately detected by the transducers. 
[01 25] Beams 362 and 364 are connected at opposite 
ends to corresponding electrical conductors, such as 
conductors 450 and 451 for beam 362 and conductors 

5 452 and 453 for beam 364, to allow the beam to be con- 
nected to suitable control circuitry (not shown) These 
conductors are formed on the top surface of substrate 
368 in the manner described for the conductors 132, 
134 in the device of Fig. 4. In addition, control circuitry 

10 can also be formed integrally with the substrate, or 
wafer, 368 using conventional integrated circuit technol- 
ogy. 

[0126] Although not illustrated in Fig. 14, it will be 
understood that beams 362 and 364 preferably are inte- 

is grally joined to the wall 376 of substrate 368, and may 
be supported by an oxide layer such as the layer 54 
illustrated in Figs. 3 and 4. Alternatively, the beams may 
be supported on pedestals such as the oxide base 54 
without being connected to the side wall of the recess. 

20 Furthermore, the beams may be insulated from the sur- 
rounding substrate by providing an oxide segment at 
each end of the beam, or at intermediate selected loca- 
tions on the beam, in the manner described above with 
respect to oxide segments 110 in the device of Figs. 3 

25 and 4, with electrodes being provided where needed to 
produce desired electrical connections across the insu- 
lating segments. 

[01 27] As noted above, beam 362 includes the X-axis 
portion 384 of the tip support 372 and thus, although the 

30 beam has offset portions, it may be referred to as the X- 
axis beam. In similar manner, the beam 364, although 
having offset portions, includes the Y-axis portion 41 8 of 
the tip support 372 and may be referred to as the Y-axis 
beam. Transducers 401 and 403, when energized, tend 

35 to move the beam segment 384 in the X-axis direction, 
this motion being accommodated by the generally J- 
shaped section formed by segments 378, 380 and 382 
and by the generally J-shaped section formed by seg- 
ments 388, 390 and 392 located on opposite sides of 

40 the tip support. These segments tend to hold the tip at a 
center location, but the flexing or bending motion of 
these two J-shaped sections of beam 362 allow the tip 
support 372 to be moved along the X-axis of the device. 
Lateral motion of the segment 384 can be controlled, in 

45 part, by transducers 400 and 402 which cause flexing 
motion in the beam segments. 
[0128] In simitar manner, axial motion of beam seg- 
ment 418 along the Y-axis of the device can be accom- 
plished by means of transducers 431 and 433 which 

so cause flexing or bending motions in corresponding J- 
shaped sections consisting of segments 412, 414 and 
416 for transducer 431 and segments 422, 424 and 426 
for transducer 433. Lateral motion of segment 418 is 
controlled by means of transducers 430 and 432. 

55 [01 29] All of the transducers work together to provide 
very precise control of the location of the tip carried by 
tip support portion 372, with the degree of motion of the 
tip being limited only by the gaps in the capacitive plates 
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of the several transducers, it will be noted that the mov- 
ing parts of the capacitive plates which make up the 
several transducers preferably consist of conductive 
segments of the beams 362 and 364 or coatings carried 
by the beams. These segments may be isolated by non- 5 
conductive oxide sections of the beams, with electrodes 
being provided on the beams to interconnect the mova- 
ble capacitive plate sections to suitable electronic cir- 
cuitry. Preferably, however, the plates which consist of 
the beams 362 and 364 are at the same potential, with 10 
control voltages being applied to the stationary plates 
by way of their corresponding connections. 
[0130] In one form of the invention, the stationary 
plates connected to the wall portion of the substrate for 
each of the transducers are made relatively long with is 
respect to the conductive portions of the movable 
beams which form the opposing capacitive plates for the 
corresponding transducers. Accordingly, as the beams 
are moved either mechanically or by the application of 
potentials to selected capacitors, the movable plate 20 
always remains within the boundary of the stationary 
plate to provide a full range of motion or detection of 
motion. 

[0131 ] One advantage of the interdigitated finger-like 
transducer structure of the device of Figs. 3 and 4 is that 25 
the electrostatic force provided by such a structure 
remains constant throughout the range of motion of the 
device. With the parallel plates of the transducers illus- 
trated in Fig. 14, however, the force applied by the ener- 
gized capacitors varies with the motion of the beam. 30 
Since the force is inversely proportional to the square of 
the gap between the plates, it increases as the gap gets 
smaller. This is favorable for the construction illustrated 
in Fig. 14, since the changing force exerted by the 
capacitor matches the changing resistance to motion of 35 
the J-shaped beam segments which provide the spring 
action for the beam. The more the springs are moved 
out of their normal shape, the greater the force that is 
required to move the beam. However, this requirement 
is matched by the increased force provided by the 40 
capacitors, so the structure of Fig. 14 is advantageous. 
[0132] Although the structures illustrated in the fore- 
going embodiments utilize either a single beam or pair 
of beams to provide relative motion between adjacent 
tip pairs, other structures are possible utilizing the tech- 45 
niques of the invention. For example, multiple beams 
may be provided to support multiple tip pairs, in the 
manner illustrated in Fig. 15 by the beam structure gen- 
erally indicated at 460. In this example, an X-axis beam 
462 may be of any desired length, and intersects a plu- so 
rality of Y-axis beams such as the beams 464, 466, 468 
and 470. The X and Y axis beams are interconnected at 
their respective intersections 472, 474, 476 and 478, 
respectively, and a pair of vertical, opposed, self-aligned 
conical or wedge-shaped tips may be formed at each of 55 
these intersections using the fabrication method 
described above with respect to Fig. 2, for example. 
[0133] Although the description has been directed to 



the formation of silicon beams with silicon oxide provid- 
ing electrically insulating portions near the ends of the 
beams, Fig. 15 illustrates that such oxide portions may 
be formed at any desired location along the beam. 
Thus, for example, the beam includes a silicon oxide 
segment 480 at the right hand end of the beam 462 
where the beam is connected to the wall of the recess in 
which it is formed or where it is mounted on an oxide 
base (not shown), or both. An electrically conductive 
electrode 482 is shown as being formed over the oxide 
segment 480 and extending onto an insulating oxide 
portion 484 on the surrounding substrate illustrated at 
486, in the manner described hereinabove with respect 
to Figs. 3 and 4. 

[01 34] The beam 462 incorporates a first spring por- 
tion 488 which is similar to the springs illustrated in Fig. 
3, and also may include additional spring segments 
such as those illustrated at 490 and 492 at different 
locations along the length of the beam. These additional 
springs may be provided to produce a desired freedom 
of axial motion in the beam, for example, and are here 
illustrated as being of different materials to demonstrate 
the versatility of the method of the present invention. 
Thus, for example, the spring 490 may be formed from 
silicon oxide during the same process by which the 
remainder of the beam is formed. Spring segment 492 
may, for example, be formed of silicon nitride to provide 
desired mechanical and electrical properties in the 
beam 462. Silicon oxide (Si0 2 ) may also be used to 
form electrically insulating segments of the beam such 
as the segment 494, and silicon nitride (Si 3 N 4 ) may sim- 
ilarly be used to form segments such as segment 496 of 
the beam. The process for forming the various oxide 
and nitride segments of the beam 462 are illustrated in 
tabular form in Fig. 16, to which referenceis now made. 
The process of Figure 16 includes 12 steps involving 
seven masks which produce the various structures illus- 
trated at the six cross sectional regions illustrated in Rg. 
15 at 1-V, 2-2', 3-3', 4-4', 5-5', and 6-6'. Steps 1 through 
4 of the process of making the device of Fig. 1 5 are illus- 
trated in Fig. 2 and are identical to steps 1 through 4 of 
that figure for all six cross sectional regions. Thus, for 
the first four steps, a silicon wafer is coated with a die- 
lectric layer 40 including silicon nitride which is then pat- 
terned by mask 1 to provide a masking layer 42. In step 
2 the mask pattern is transferred by means of reactive 
ion etching of the dielectric layer 40 to the underlying sil- 
icon 18, forming island (or mesa) 45. At step 3, the sili- 
con wafer is coated with a second dielectric layer, 
including silicon nitride which is anisotropically etched 
back, leaving only the side wall 48 and the top dielectric 
layer 40 intact. In step 4, isotropic recess etching is per- 
formed to etch back the exposed silicon to produce 
recesses 50 around the island, leaving the island 45 
with its side walls covered by silicon nitride layer 46 and 
its top surface covered by dielectric layer 40. 
[01 35] Turning now to Fig. 1 6, wherein elements com- 
mon to Fig. 2 are similarly numbered, in step 5, selected 
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portions of the dielectric layer 40 are stripped, using 
mask No. 2, leaving the island 45 at cross sectional 
regions 2-2', 3-3' and 5-5' intact, but removing th 
oxide and nitride layers from the island 45 at cross sec- 
tional regions 4-4* and 6-6'. These latter two regions are 
stripped in order to provide for electrical isolation of 
adjacent parts of the beam 462. 
[0136] In step 6 of Fig. 16, the top surface 46 of the 
wafer 18 is oxidized to produce the oxide layer 54 
described with respect to Fig. 2. This oxide layer 
extends into the recess 50 and thus laterally under the 
island 45 at each of the cross sections of Fig. 16 so as 
to isolate the silicon island 45 from the substrate 1 8. At 
the same time, the island 45 is fully oxidized at cross- 
sections 4-4' and 6-6', where it was unprotected. 
[0137] In accordance with the process of Fig. 16, in 
step 6a, a silicon nitride layer is deposited over the 
entire surface and is and then an isotropically etched 
back, leaving only the side wall portion intact, as illus- 
trated at cross section 4-4' and at cross section 6-6'. 
This provides a side wall layer 500 at these cross-sec- 
tions which is similar to layer 48 at the other cross-sec- 
tions. In step 7, through the use of mask No. 3, selected 
portions of the dielectric layer 40 are stripped for electri- 
cal contact purposes, as illustrated at cross section 3-3', 
leaving the upper surface 502 of the silicon island 45 
exposed. 

[01 38] A conductive layer of material is then deposited 
through mask No. 4 (step 8) to produce the electric con- 
tacts 482 illustrated in Fig. 15 in the regions of cross 
sections 3-3' and 4-4'. It is noted that the electrical con- 
tact is formed on the upper surface 502 at cross-section 
3-3' so that it is electrically connected to the silicon 
material of the island 45, while at cross section 4-4' the 
contact lies on the top surface of the oxidized segment 
of island 45. This allows electrical connections to be 
made to segments of the beam structure which are 
electrically isolated. 

[0139] At step 9, selected portions of the field oxide 
layer 54 are isotropically etched away to release the 
island 45 under the control of mask No. 5. Thus, the 
oxide is etched away in regions 504, 506, 508 and 510 
to release the island 45 from substrate 18 at cross sec- 
tions 1 -1\ 2-2', 5-5' and 6-6', thereby forming the beam 
462. It is noted that the exposed oxide of island 45 at 
cross section 6-6' is also etched away during the 
removal of portions of layer 54, leaving only the nitride 
side walls 500 at that location. These side walls are suf- 
ficiently thick and flexible to support the beam 462. 
Mask No. 5 leaves the dielectric layer 40 intact in cross 
sections 1-V, 2-2" and 5-5\ while electrode 482 protects 
the oxide at cross sections 3-3' and 4-4'. 
[01 40] In step 1 0 of Fig. 1 6, dielectric layers including 
silicon nitride are deposited and then, through the use 
of mask No. 6, are etched back to leave a masking 
nitride layer 512 on the surface of substrate 18 at cross 
sectional regions 1-1', 2-2' and 6-6', leaving a nitride 
layer 514 on the downwardly-facing surfaces of silicon 



island 45 (now beam 462) at cross sections 1-V and 2- 
2', and leaving a dielectric nitride layer 516 over th 
electrical contact 482 at the regions of cross sections 3- 
3' and 4-4'. The island 45 is left unprotected by mask 6 

s at cross section 5-5' so that the etching of the layer 
added during step 10 also removes dielectric layer 40 
and the nitride side wall 48 from the island at cross sec- 
tion 5-5'. This leaves the silicon material of the island 45 
exposed at cross section 5-5' for later thermal oxidation. 

w [0141] In step 1 1 of Fig. 16, selective thermal oxida- 
tion of silicon is performed on the unprotected segments 
of the island 45, as at cross section 5-5', to convert the 
exposed silicon to silicon oxide as indicated at 518. At 
the same time, the exposed upper surface of substrate 

15 1 8 is also oxidized at that same location, as indicated at 
520. 

[0142] Finally, in step 1 2, selected portions of the step 
10 dielectric layers 512, 514 and 516 are removed 
through the use of mask No. 7, thereby completing the 

20 beam structure 462 illustrated in Fig. 15, wherein the 
various island cross sections 45 combine to form the 
beam structure. Note that at cross section 5-5' the beam 
is silicon oxide and at cross section 6-6', the beam is sil- 
icon nitride in the form of side walls 500. 

25 [0143] As previously described, the various beam 
structures are, when isolated mechanically from the 
substrate, free to move not only horizontally in an X-Y 
plane, but vertically in the Z-direction. Vertical motion 
may be controlled by, or sensed by, suitable capaci- 

30 tances between the beam and an overlying or an under- 
lying structure. Such a controller/sensor is illustrated in 
Fig. 17, wherein a portion of a structure, such as the 
beam 462, for example, is illustrated in cross section at 
530. At this cross-section, the beam is silicon and is 

35 covered by a layer 532 of a dielectric insulating material. 
This layer may, for example, consist of a top layer 40 
and a side wall layer 48 of dielectric material such as 
that illustrated at cross section 2-2' in Fig. 16, step 12. 
An example of a structure to produce or to sense verti- 

40 cat, or Z-axis, motion at this location are electrically con- 
ductive layers 534 and 535 deposited, as by means of 
evaporation, on the top surface of the silicon substrate 
18 and on the surfaces of the beam at section 530, cov- 
ering the dielectric layer 532. Thereafter, a thick layer 

45 536 of silicon oxide is deposited over the beam and on 
the substrate 18 in the region of section 530 and then a 
second layer 538 of electrically conductive material is 
deposited, as by evaporation, on top of the silicon oxide. 
Thereafter, the silicon oxide layer 536 is patterned, and 

so portions are etched away to release the beam segment 
530, leaving support walls on each side of the beam and 
leaving the conductive layer 538 spanning the beam 
and spaced above the conductive layer 535. By apply- 
ing a potential between the conductive layers 534 and 

55 535, or between the conductive layers 535 and 538, ver- 
tical motion of the beam can be achieved or can be 
detected. 

[0144] An application of the foregoing structures and 
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fabrication techniques is illustrated in Fig. 18, wherein a 
beam structure 550 incorporating an upwardly-facing tip 
552 is used in a scanning electron microscope. The 
beam structure 550 preferably is similar to that illus- 
trated in Fig. 1 1 , step 5, and is similarly fabricated. The 5 
beam 550 and its substrate silicon layer 554 is then cov- 
ered with an oxide layer 556 in the manner described 
with respect to Fig. 17, and a conductive layer 558 is 
evaporated onto the top surface of the oxide layer. The 
conductive layer is patterned to produce an aperture 
560 in the conductive layer in with its axis being coaxial 
with the tip 552. Thereafter the oxide layer 564 is pat- 
terned and portions are removed to release the beam 
550, while leaving oxide side wall supports 562 and 564 
to hold the conductive layer 558 in place. The electri- 
cally conductive beam 550 enables current to flow 
through aperture 560 between the submicron tip 552, 
and a sample material 566 located on the opposite side 
of the aperture from the location of the tip. The beam 
550, and thus the tip 552 is movable in the manner 
described herein to enable the tip to scan the surface of 
the sample, with the current flow being measurable to 
determine characteristics of the sample. 
[0145] Another application of the upwardly-facing tip 
structure fabricated by the technique of Fig. 1 1 is illus- 
trated in Fig. 19, wherein a beam 570 includes a pair of 
opposed, self-aligned tunneling tips 572 formed 
between the beam and a substrate 574, and includes an 
upwardly-facing tip 576. In this embodiment, the upper 
surface of the beam 570 is covered by a thin electrically 
insulating film 578. The upper tip 576 is placed close to 
the surface of a sample 580, so that the device acts as 
an atomic force microscope, with the tunneling current 
indicating characteristics of the sample 580. 
[0146] A use for lateral self-aligned, opposed tips, 
which may be in the form of conical or wedge-shaped 
tips, is illustrated in Fig. 20. A pair 590 of laterally 
opposed, released, self-aligned conical or wedge-like 
tips are fabricated in a manner such as that illustrated in 
Figs. 7-9. The pair includes a first reference tip 592 and 
a second, relatively movable tip 594. Tip 594 is formed 
integrally with a support beam 596 which is illustrated 
as being generally U-shaped, with a base 598 and a 
pair of legs 600 and 602 perpendicular thereto. The 
support beam is connected through a pair of springs 
604 and 606 located in legs 600 and 602, respectively, 
to a stationary mount 608 which may be the wall of a 
recess in a substrate, for example. Reference tip 592 
may also be located on the stationary mount 608, so as 
to be relatively stationary with respect to tip 594 and to 
act as a benchmark for the movable tip. A controller, 
such as a capacitor 610 having one plate 612 formed on 
beam 596 and a second, stationary plate 614 spaced 
from plate 612, is provided to position the beam 596 to 
establish a gap between tips 592 and 594. Thereafter, 
relative motion between the reference tip 592 and mov- 
able tip 594 may be caused by acceleration of the refer- 
ence tip. 



[0147] A perspective view of a stack of tips such as 
those illustrated in Step 5 of Fig. 12 is illustrated in Fig. 
21, to which reference is now made. The tips of Fig. 21 
are located at the intersections of crossed beams, such 
as those illustrated in Fig. 4, although in this case paral- 
lel beams stacked vertically provide plural intersections 
in vertical alignment. Thus, lowermost crossed beams 
640 and 642 intersect at 644 to provide a crossed tip 
support section spaced above and supported parallel to 
a substrate floor 646. A first pair 648 of opposed, self- 
aligned upper and lower tips 650 and 652 are fabricated 
during the formation of beams 640 and 642, as has 
been discussed hereinabove, with the lower tip 652 
being stationary and serving as a benchmark for locat- 
ing the upper tip 650. As was the case with Fig. 4, the 
fabrication of the tip pair 648 leaves ridges 654 and 656 
on the floor 646 parallel to and spaced below the beams 
640 and 642, respectively, with the lower edges of the 
beams also being tapered as at 658 and 660. The 
tapered edges 658 and 660 are parallel to and aligned 
with the ridges 654 and 656, since they are formed at 
the same time during the separation of the beams 640 
and 642 from the substrate. 

[0148] As illustrated in Fig. 12, at the same time the 
tower tip pair 648 is fabricated, an upper tip pair 670 and 
a top tip 672 are formed at the intersection 674 of a pair 
of crossed beams 676 and 678. The upper tip pair 670 
consists of vertical, opposed, self-aligned upper and 
lower tips 680 and 682 which are aligned with the lower 
tip pair 648. The uppermost, upwardly facing tip 672 is 
also aligned with the lower tip pair 648 and with the 
intermediate tip pair 670, and is fabricated as illustrated 
in Fig. 12. 

[01 49] The opposed tip pairs 648 and 670 can be axi- 
ally aligned with each other or can be relatively moved 
in the X-Y plane, as well as being movable in the per- 
pendicular (Z) direction by means of suitable transduc- 
ers such as those illustrated in Fig. 14, for example. As 
discussed above, the motion of these tips with respect 
to each other can also be detected with a high degree of 
precision by the transducers, or by measuring the spac- 
ing between the tips. The latter measurement can be 
made by determining the tunneling currents between 
adjacent tips, or by measuring their capacitance or 
potential difference. 

[0150] If desired, in fabricating the parallel beams it 
may be desirable to mechanically connect beams 640 
and 676 and/or to mechanically connect beams 642 and 
678 so that the tips in pair 670 become fixed in the X-Y 
plane with respect to each other. The beams remain 
flexible in the vertical direction between the points of 
mechanical connection so the tips 680 and 682 can 
move closer together or further apart. These tips then 
serve as tunneling tips to detect motion along the verti- 
cal axis. Such mechanical connections are indicated in 
dotted lines at 690 and 692 between beams 642 and 
678 and at 694 and 696 between beams 640 and 676, 
and are formed by selectively removing the oxidation 
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layer 264 (See Fig. 1 2, step 4) from between the beams, 
leaving oxide connections in place. 
[01 51] The topmost tip 672 functions as a probe tip, 
and is movable both laterally, in the X-Y plane, and ver- 
tically, to serve as anatomic force microscope, for exam- s 
pie. The lowermost pair of tips 648 serve to locate both 
sets of beams in the X-Y plane with respect to the 
benchmark tip 652 when the beams are mechanically 
connected, while the spacing between the tip pairs 
measures vertical (Z direction) motion. w 
[0152] Although the present invention has been 
described in terms of preferred embodiments, it will be 
apparent that numerous modifications and variations 
may be made. The conical tips and wedge-like tips of 
the present invention can be formed in both vertical and 15 
horizontal alignments on silicon-on-insulator wafers, 
thin silicon membranes, or other silicon substrates, 
including amorphous and polysilicon films deposited on 
insulators, and the processes described above can eas- 
ily be adapted to permit doping of the materials, using 20 
any desired type of dopant at any doping concentration, 
it will also be apparent that where the movable silicon 
beams of the present invention are formed on thin sili- 
con membranes, the lower floor 90 (Fig. 4) can be made 
sufficiently thin as to be flexible to thereby obtain mobile 25 
lower tips. Further, the top island can be removed from 
the pair of aligned tips to leave only a single lower 
tip/wedge structure. It is also possible to remove the 
lower tip, such as the tip 12 in Fig. 4, to create an aper- 
ture through the floor 90, through which electrons can zo 
flow from the upper tip, or to use the intersecting beams 
of Fig. 4 to electrically move the upper tip to specified 
locations. It is further possible to locate elements such 
as tunnel diodes, field emitters, p-n diodes, or the like, 
on a movable tip. 35 
[0153] The process of the present invention may also 
be used to create pillars as well as beams, and in addi- 
tion, by oxidizing selected locations of such pillars and 
beams, segments of the structures can be electrically 
isolated from one another. Thus, the present invention is 40 
limited only by the true spirit and scope of the following 
claims: 

Claims 

45 

1. A method for forming integrated opposed, self- 
aligned tips (12, 22; 216. 217) for electron device 
structures, characterized by: 

(A) patterning a silicon substrate (18; 228) to so 
define an upstanding island; 

(B) masking and oxidizing said island 



(a) to isolate at least a part of said silicon 
substrate (18), the oxidizing step undercut- 
ting said part of said island and oxidizing 
through the thickness of said island to farm 
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opposed upper and lower tips (12, 22) at 
the interface point between said island and 
said substrate (18) which provides the last 
contact therebetween during said oxida- 
tion; and releasing said undercut part of 
said island to allow relative motion 
between said upper and lower tips (12, 22) 
or 

(b) to form in said silicon island by said 
masking a plurality of side-by-side 
recesses and intermediate segments on 
an upper surface thereof; and to separate 
said island from said substrate (228) and 
to separate adjacent island segments by 
said oxidizing, the separation of said seg- 
ments by oxidation producing self-aligned 
horizontally opposed wedge-shaped tips 
(216,217). 

The method of claim 1 , alternative (a), wherein the 
step of patterning said substrate (18) includes 
defining a tip support structure (24) and a recess 
(16) in said substrate surrounding said tip support 
structure (24); and etching said substrate (18) prior 
to said masking and oxidizing steps to define said 
island within the recess (16). 

The method of claim 2, wherein the steps of pat- 
terning and etching said substrate (70) further 
include defining spring means (76, 80, 86, 88) in 
said tip support structure (62, 64, 150, 152), and 
wherein the step of releasing said island includes 
releasing said support structure and spring means 
to produce a tip support structure that is movable in 
said recess (72). 

The method of claim 2, wherein the step of masking 
said substrate (646) includes defining upper and 
lower recesses in said tip support structure, 
whereby the step of oxidizing said substrate to iso- 
late said island also defines and isolates plural, ver- 
tically, stacked, opposed and self-aligned pairs 
(650, 652, 680, 682). 

The method of claim 2, wherein the step of masking 
said substrate (646) includes defining at least an 
oxidizing gap and an oxidizing recess in said tip 
support structure (650, 652, 680, 682), whereby the 
step of oxidizing said substrate (646) to isolate said 
island defines both said upper and lower tip struc- 
tures (650, 652, 680, 682) and an additional, 
upwardly-facing tip (672). 

The method of claim 2, wherein the step of masking 
and oxidizing said island includes: 

forming on a sidewall of said island a first die- 
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lectric stack coating surrounding a lower por- 
tion of said island; 

forming on said sidewall of said island a sec- 
ond dielectric coating on an upper portion of 5 
said island and spaced from said first dielectric 
coating to define an aperture around a middle 
portion of said island; 

etching said island through said aperture to 10 
form a first recess undercutting said upper por- 
tion of said island and etching said substrate to 
form a second recess below said first dielectric 
layer to undercut said lower portion of said 
island; and 15 

oxidizing said island and said substrate in said 
first and second recesses to isolate said upper 
and lower portions of said island, said oxidizing 
step forming a first pair of upper and lower 20 
opposed tips (680, 682) between said upper 
and lower isolated island portions and forming 
a second pair of upper and lower opposed tips 
(650, 652) between said lower isolated island 
portion and said substrate (646). 25 

7. The method of claim 6, wherein the step of releas- 
ing includes removing at least a portion of said oxi- 
dation from said first and second recesses. 

30 

8. The method of claim 2, further including removing 
said upper tip of said first pair of opposed tips, 
whereby said lower tip of said first pair of tips (680, 
682) is exposed. 

35 

9. The method of claim 2, wherein the step of masking 
and oxidizing said island includes: 

forming a dielectric stack on a top surface of 
said island, said stack including an oxide layer 40 
adjacent said top surface; 

forming a dielectric layer on sidewalls of said 
island, said dielectric layer partially overlapping 
said oxide layer of said stack; 45 

etching said substrate (646) to form a recess 
beneath said layer partially undercutting said 
island; 

50 

oxidizing said island and said substrate around 
said dielectric layer to thereby oxidise the 
upper surface of said island through said oxide 
layer of said stack to form a tip on said top sur- 
face, and to thereby oxidize said island through 55 
said recess to isolate said island from said sub- 
strate (646). 



10. The method of claim 9, wherein the step of releas- 
ing includes at least partially removing said oxide 
from said recess to separate said island from said 
substrate (646), and further includes removing said 
oxide from said top surface of said island to thereby 
remove said stack and to expose said tip on said 
top surface of said island. 

1 1 . The method of claim 2, wherein the step of masking 
and oxidizing said island includes: 

forming on a top surface of said island a dielec- 
tric stack including an oxide layer adjacent said 
top surface; 

forming on a sidewall of said island a first die- 
lectric coating surrounding a lower portion of 
said island; 

forming on said sidewall of said island a sec- 
ond dielectric coating on an upper portion of 
said island and partially overlapping said oxide 
layer, said first and second coatings being 
spaced to define an aperture around said 
island; 

etching said silicon island through said aper- 
ture and etching said substrate beneath said 
second dielectric coating to form first and sec- 
ond recesses in said island to undercut upper 
and lower portions, respectively, of said island; 

oxidizing said island through said layer of oxide 
and through said first and second recesses to 
form an upper tip and first and second opposed 
tip pairs, respectively, in said island. 

12. The method of claim 11, wherein the step of sepa- 
rating includes removing at least a part of said oxi- 
dation on said top surface of said island an in said 
first and second recesses to remove said stack and 
to separate said upper and lower portions of said 
island from each other and from said substrate. 

1 3. The method of claim 2 t wherein the step of masking 
and oxidizing said silicon island includes: 

(a) forming a plurality of dielectric stacks on a 
top surface of said island; 

(b) forming a first dielectric layer to cover the 
sidewall of said island; 

(c) etching said substrate below said first layer 
to form a recess which partially undercuts a 
first portion of the island; 

(d) oxidizing said island through said recess to 
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form a first pair of opposed tips; 

(e) etching said substrate to increase the 
height of said island with respect to said sub- 
strate and to remove a first of said plurality of s 
dielectric stacks; and 

(f) repeating steps (b) through (e) to form a plu- 
rality of stacked, opposed tip pairs (650, 652, 
680, 682). io 

14. The method of claim 13, further including repeating 
steps (b) through (e) until all of said dielectric stacks 
have been removed from said island, and thereafter 
removing oxide from said recesses to release is 
respective island portions whereby tips of said pair 

of tips (650, 652, 680, 682) are relatively movable. 

15. A siiDmicron tip structure, comprising first and sec- 
ond spaced surfaces, characterized by first and 20 
second opposed tips (650, 652) on said first and 
second surfaces, respectively, each tip (650, 652) 
having an end portion with at least one dimension 

in the nanometer size range up to maximal 1 00 nm, 
said tips (650, 652) being spaced apart to define a 25 
gap; 

wherein said first surface is a substrate (646) and 
said second surface is a first support (640, 642) 
spaced above said substrate (646), said structure 
further including: so 

at least a second support (676, 678) spaced 
above said first support (640, 642), said first 
and second support (640, 642, 676, 678) being 
isolated from said substrate (646) and at least 35 
one support being movable with respect to 
another support; and 

at least one pair of opposed, self-aligned tips 
(680, 682) between adjacent supports (640, 40 
642, 676, 678) and spaced by a gap, each of 
said pair of tips (680, 682) tapering inwardly to 
a minimum dimension in the nanometer range. 

16. TTie tip structure of claim 15, wherein said at least 45 
one support (640, 642) is movable axiaily with 
respect to said second support (676, 678). 

17. The tip structure of claim 15, wherein said at least 
one support is movable in a direction perpendicular so 
to the axis of said axiaily aligned supports (640, 
642, 676, 678). 

18. The tip structure of claim 15, further including a plu- 
rality of pairs of axiaily aligned supports (640, 642, ss 
676, 678) and plural opposed, self-aligned tips 
(680, 682) between adjacent pairs of supports. 
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